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Gold (Au) and silver (Ag) nanoparticles (NPs) are useful nanomaterials. These NPs have been 
synthesized using chemical, physical and biological methods. Biological methods have some 
advantages, such as use of non-toxic chemicals, less energy consumption, improved cost 
effectiveness and stable NPs formation. A large number of biological methods using culturable 
microorganism, including bacteria, fungi and algae,  as well as plants have been explored as 
methodology for Au and Ag NPs production. A major problem associated with biologically 
synthesized Au and Ag NPs is that these NPs showed variability in shape, size, surface charge 
and stability. Therefore, biological synthesis is problematic for applications that require control 
of these parameters. This lack of control is a major drawback of biologically synthesized Au 
and Ag NPs as compared to the chemically synthesized NPs, where a high level of control is 
possible. 
Determining the molecular mechanistic involved in the formation of biologically synthesized 
Au and Ag NPs may enable shape, size, surface charge and stability of to be controlled. In the 
work described in this thesis, we investigate the biological mechanism of NPs formation 
through separation of protein and small molecule secondary metabolites extracted from the 
fungal secretome (cell-free extract) mediated biosynthesis and conversion of bulk metallic 
elements into the spherical nanostructured form.  
An important source of organisms that can biosynthesize Au and Ag nanoparticles are fungi. In 
this study, fugal strains for investigating the biomolecular mechanism for the extracellular 
synthesis of Au and Ag NPs were obtained from CMCC, TERI, New Delhi, India. The aim of 
this work was to select potent fungal stains for rapid and bulk production of NPs, where 
selection criteria were the amount of produced biomass, extracellular total reduction potential 
and extracellular synthesis ability for both Au and Ag NPs. Effects of pH and salt concentration 
on the fungal cell filtrate for NPs synthesis were investigated using ultraviolet (UV) 
spectroscopy. Of 340 test fungal strains, 80 strains showed measurable amount of biomass 
within 7-10 days of incubation. Among these 80 cultures, 30 cultures showed extracellular 
reduction potential. Increased absorbance at 700 nm of the reaction mixture indicated increase 
in reducing power. On this basis, these 30 strains were selected for extracellular synthesis of 
Au and Ag NPs. It was observed that not all of these strains were synthesizing both 
nanoparticles. Only six strains DB 13 (1), BD 12, BD 11, BD 16, J (G) and P.lilacinum 
exhibited synthesis of both Au and Ag NPs. Among these, P.lilacinum showed the highest 




We then characterized the metal nanoparticles (MNPs) synthesized by the most potent reducing 
fungal strain (P.lilacinum). The amount of metal salts being converted into MNPs were 
quantified using atomic absorption spectroscopy (AAS). UV spectroscopy, transmission 
electron microscopy (TEM), dynamic light scattering (DLS), fourier transform infrared 
spectroscopy (FTIR) and energy dispersive X-ray spectrum (EDX) analysis were used to 
confirm the synthesis of NPs, morphology of NPs, nature of NPs synthesized and identify some 
of the biomolecules responsible in synthesis of NPs. For morphological identification of the 
selected isolate, scanning electron microscopy (SEM) and phase contrast microscopy 
techniques were used. 
Optimization experiments of the biosynthesis of Au and Ag NPs by using P.lilacinum cell-free 
extract was carried out.  Based on concentration of substrate and cell-free extract, pH and time 
of reaction, it was concluded that 1 Mm working concentration of substrate showed maximal 
biosynthesis of Au and Ag NPs after 30 hrs of reaction time. AAS studies showed 85.29% 
conversion of Au ions into the AuNPs and 52.09% conversion of Ag ions into AgNPs after 30 
hrs of reaction. Morphological characterization of Au and Ag NPs were done using UV 
spectroscopy, FTIR, TEM, HRTEM, EDX, XRD and Zeta analyzer. UV spectroscopy 
(absorption around 270-280 nm indicating presence of aromatic amino acids) confirmed that 
the Au and Ag NPs has a protein coating. TEM analysis indicated that the Au and Ag NPs 
synthesized were of mixed population with a combination of rod, spherical, triangular, 
hexagonal and polygonal shapes. Average particle size of AuNPs was 25-50 nm, while that of 
AgNPs was around 40-60 nm. Zeta potential of nanoparticles were -14.4 for AuNPs and -8.8 
for AgNPs. Zeta potential results indicated that the biosynthesized Au and Ag NPs had a 
covering of negatively charged proteins or biomolecules. HRTEM and XRD further confirmed 
the crystallinity of biosynthesized Au and Ag NPs. 
The aim of next part of our investigation was to control the size and shape of Au and Ag NPs 
using different protein fractions separated on the basis of molecular weight. Fungal strain 
P.lilacinum was selected for the protein fraction mediated Au and Ag NPs studies. In this 
study the difference between the synthesized Au and Ag NPs by the crude protein and 
fractionated protein on the basis of size and morphology was investigated. UV spectroscopy, 
TEM, DLS, FTIR and EDX analysis, were used to confirm the synthesis of NPs, morphology 
of NPs, nature of NPs synthesized and identity of the proteins responsible for the synthesis of 
Au and Ag NPs. Identification of the major proteins present in the effective protein fraction 
responsible for controlled synthesis of Au and Ag NPs was carried out using SDS PAGE, LC-
MS and QTOF. 
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The sizes of NPs synthesized by the 100 kDa fraction were 25-50 nm for AuNPs and 35-50 nm 
for AgNPs. Zeta potential of NPs by the 100 kDa fraction were -21.2 for AuNPs and -16.4 for 
AgNPs. FTIR showed absorbances at ~1640 cm-1, corresponding to the amide I functional 
group from the carbonyl stretch of proteins, and ~3270-3310 cm-1 , corresponding to the –NH 
group of amines. This was a preliminary study which was carried out to do a controlled protein 
mediated biosynthesis by using P.lilacinum 100 kDa proteins. It was reported during the 
study that higher concentrations of higher molecular weight proteins from electron transport 
system and oxidoreductases family of the P.lilacinum play a major role in controlled Au and 
Ag NPs synthesis.  
The final research aim of this study was to attempt to control the biological synthesis of NPs 
using extracellular secondary metabolites produced by P. lilacinum. The average particle size 
of AuNPs was found to be 5-15 nm, while that of AgNPs was around 2-10 nm. Zeta potential 
of NPs were -22.2 for AuNPs and -17.4 for AgNPs. Zeta potential results indicated that the 
biosynthesized Au and Ag NPs have a covering of negatively charged biomolecules. The 
difference between the synthesized Au and Ag NPs by the crude ECF and separated secondary 
metabolites mixture on the basis of size and morphology was studied. UV spectroscopy, TEM, 
DLS, FTIR and EDX analysis were used to confirm the synthesis of NPs, morphology of NPs, 
nature of NPs synthesized and identify the secondary metabolite responsible in synthesis of Au 
and Ag NPs. Identification of the major secondary metabolite classes present was done by 
HPLC, TLC, LC-MS and NMR, although specific metabolites responsible for NP synthesis 
remain to be characterized.   
Through this work, we have identified a fungal strain (P.lilacinum) that is an efficient 
producer of Au and Ag NPs. The NPs were produced primarily by extracellular proteins and 
secondary metabolites with reducing potential. Further identification of specific compounds 
involved in the production of Au and Ag NPs is required to define the mechanism of formation 
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1. Introduction  
Nanoparticles (NPs) are considered the building blocks of nanotechnology and are being used 
in products such as antibacterial agents, sunscreen, self-cleaning glass, biosensors, paints, 
electronics, drug delivery tools, and many other products [1-4]. Gold (Au) and silver (Ag) NPs 
are among the two most widely used and studied metal NPs (MNPs) for various applications. 
Less toxicity and inertness of these NPs qualify them for a wide range of applications [5]. Au 
and Ag NPs have been used from ancient times in traditional medicines [6]. Basic principles 
involved in production of NPs are reduction of respective metallic ions to atomic forms and 
further nucleation/growth into nanocrystalline forms with the help of different reduction agents 
and methodologies [7-9]. 
Au and Ag NPs have a range of applications in the field of nanotechnology. AuNPs are useful 
in biomedicine, catalysis, electronics and many other fields. AuNPs conjugated with 
oligonucleotides were used as probes for the detection of target DNA [10]. AuNPs with planar 
structures like triangular and hexagonal shapes have the capacity to absorb infra-red rays. This 
property of AuNPs can be exploited to create infrared-absorbing optical coatings [11]. AuNPs 
are also of interest for their use in biomedicine and have been used for drug delivery, tumor 
detection and tumor killing [12]. Early tumor detection techniques using fabricated AuNPs, on 
the basis of their plasmon resonance, for the destruction of cancer cells by photo thermal 
activity, and fluorescently labelled heparin conjugated AuNPs for detection as well as the 
apoptotic killing of cancer cells [13-16].  Besides that, ß-lactam antibiotics functionalized 
AuNPs were used for the detection of antibiotics resistance in different pathogens [17]. Protein 
conjugated AuNPs are used for food borne pathogen detection [18]. Functionalized AuNPs with 
urate oxidase has been used to detect uric acid (50 nM) in the blood stream [19]. Hybrids of 
bimetallic Au and Pt NP alloy were used for the quantification of hydrogen peroxide activity 
to detect cholesterol level [20]. Functionalized AuNPs with hairpin DNA were used for imaging 
of respiratory syncytial virus infected live Hep-2 cells [21].   
AgNPs are also a widely used category of MNPs in the fields of electronics, medical and 
agriculture because of their unique optical property, high conductivity and inherent property as 
an antimicrobial agent. An attractive application of AgNPs is as a broad-spectrum antimicrobial 
agent. Among these activities broad- spectrum antimicrobial activity has gained attention as a 
novel antimicrobial for the control/management of multidrug resistant microorganisms [22, 23]. 
Suppression effects of nanocrystalline silver were observed on cytokines IL 12 and TNF α, 
which are most commonly involved in allergic reactions [24, 25]. AgNPs interact with the cell 
membranes, proton coupling and membrane permeability to uncouple the respiratory ETS 
system [26, 27]. Functionalized AgNPs with viologen dications (VGDs) have been applied for 
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the detection of the harmful pollutant Polycyclic aromatic hydrocarbons (PAHs). AgNPs have 
been used as fungicides and applied by spraying or as a coating over the ungerminated seeds to 
preserve them during storage [28, 29].  
Ag and Au NPs are synthesized by various methods. Physicochemical synthesis of NPs are 
highly energy consuming, costly, with low productivity and have problems associated with the 
stability of synthesized NPs. Similarly, chemically synthesized Au and Ag NPs agglomerate in 
solution and require chemical stabilizers that may be toxic and can remain adsorbed on the 
surface of NPs [30-32]. Thus, most of the Au and Ag NPs synthesized by chemical methods 
are not suitable for biomedical applications and are also potential environmental hazards [33]. 
Considering the limitations of physicochemical methods of NPs synthesis, biological methods 
may be advantageous due to lower energy consumption and lower production cost, 
biocompatibility, less toxicity and comparably high productivity [34, 35]. However, the main 
problem associated with biosynthesized Au and Ag NPs is uncontrolled size, shape, surface 
charge and stability. Controlling the shape, size and surface charge of Au and Ag NPs is crucial 
for their suitability towards applications in optoelectronics, diagnostics, photo catalysis, 
environmental applications, medicines and agricultural [36-43]. The morphology and size of 
these NPs may potentially be controlled by determining complete molecular mechanism of 
biosynthesis. 
Exploration of Au and Ag NPs biosynthesis mechanism is of interest to nanobiologists. 
Synthesis and production of user-defined NPs through biological routes is a challenging 
research area. There are reviews describing different aspects of biologically synthesized MNPs, 
different organisms mediating synthesis and different potential uses of biologically synthesized 
NPs [39, 44-48]. These reviews provide information on the involvement of cytosolic enzymes, 
mitochondrial enzymes, small biomolecules, optimum pH conditions as well as, temperature 
variations effects on the size and shape deviations in the course of NPs biosynthesis [49-52]. 
However, comprehensive research data for the complete understanding of biomolecular 
mechanism behind the biosynthesis of Au and Ag NPs is not available. Hence, there is a present 
need to develop a mechanistic approach for controlled biosynthesis. Thus, a dedicated, 
fundamental and detailed view of various biosynthesis methodologies of Au and Ag NPs using 
different organisms; key biomolecules playing role in biosynthesis; brief probable biomolecular 
mechanism involved; interactions of key biomolecules with NPs; key biomolecule synthesis 
pathways and many other aspects has been discussed in details in this chapter. This chapter 
mainly focuses on the biomolecular mechanisms involved in commonly used organisms and 
biological macromolecules involved in Au and Ag NPs synthesis, which is not covered in detail 
before in previously published articles. This chapter will review information available to date 
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on the mechanism used by particular organism and biological macromolecules and describe 




Fig. 1.1: Schematic for different routes of Au and Ag NPs synthesis 
 
2. Different methodologies for the synthesis of NPs/NMs 
2.1. Physical methods 
In physical methods for the synthesis of NPs bulk metal is reduced to NPs with the help of 
extreme external physical sources such as high temperature, high vacuum, high voltage and 
other harsh conditions. Some of these physical methods along with their advantages and 
disadvantages are discussed in this section. Laser ablation is the breakdown of bulk material 
into smaller particles with the help of high energy emitting lasers. It is being used for the 
production of different MNPs such as Au, Ag, Mg, and MgO [31, 32]. Major disadvantage of 
the laser ablation method is that it has poor control over the shape and size, hence it is not 




terms of their shape and size is crucial for their application. Au and Ag NPs synthesized by 
physical methods requires high energy lasers and high vacuum conditions [31, 32]. Another 
physical method involved in Au and Ag NPs synthesis is sputtering. In this method the transfer 
of momentum from the moving projectiles to the target molecule results in the synthesis of NPs. 
The projectiles are incident on the target molecule with a very high energy of about 100 -eV. 
This method of Au and Ag NPs synthesis needs high energy, very low pressure of 10-3 mbar 
(which is difficult to maintain), and expensive machinery [40].  In physical method pyrolysis, 
there is the conversion of a compound into its smaller and simpler components, under very high 
temperature, ranging between 4000C and 8000C and as high as 14000C. Pyrolysis helps to 
produce Au and Ag NPs with a narrow size range, but it is associated with high energy 
consumption, non-recyclable waste generation, and huge fuel demand, thus it is not suitable for 
bulk production [53, 54]. A method which is widely applied for controlled NPs production of 
desired size and shape is ion irradiation. In this method ions with high energy are passed through 
the matter, within a limited volume, which in turn changes the shape and size of NPs. This 
method consumes a large amount of energy, with nearly 100 MeV ion irradiation is needed 
throughout the whole process [55]. Pulse sonoelectrochemistry is another method used for the 
controlled synthesis of NPs. This is again a complicated method involving principles of both 
chemical and physical synthesis. This method requires a high electric current, electrodeposition 
solutions like nitrilotriacetate and stringent conditions like high vacuum [56]. Spark plasma 
deposition is also used for the synthesis of NMs and NPs, but requires high temperature of 1100-
2000 C that needs to be maintained for 18-20 hours [57]. (Table 1.1)  
2.2. Chemical methods  
Chemical synthesis methods for NPs are also called wet synthesis methods or liquid phase 
methods, because of the use of various chemicals and solutions during the process. In the 
solvothermal process, single crystal structures of MNPs are synthesized inside special 
autoclaves, under high temperature (4000C) and pressure using non-aqueous solvents [58, 59]. 
The sol-gel process is a wet-chemical technique, widely used in the ceramic engineering and 
materials science for production of different NPs and NMs. This methodology for Au and Ag 
NPs synthesis uses costly raw materials and hazardous organic chemicals. Long processing 
time and frequent cracking during the drying stage are disadvantages of this method [60]. Inert 
gas condensation is another chemical technique for MNPs synthesis. In this technique, NPs are 
synthesized by evaporation of metallic source under inert conditions [61]. High vacuum 
conditions are needed for the reduction and the main problem associated with the process is 
aggregate formation. Chemical reduction is another preferred chemical method for the bulk 
production of MNPs. It involves reduction of corresponding metal salts such as chloroauric salt 
(HAuCl4) and silver nitrate (AgNO3), by highly toxic and hazardous reducing agents such as 
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sodium borohydrate and hydrazine dihydrochloride [62-64]. The main concern in this method 
is the stabilization of the synthesized Au and Ag NPs. For surface stabilization, different 
chemical surfactants such as the non-ionic surfactants sorbitan monolaurate (Tween 20), 
polyoxoethylene (20), and sodium bis (2-ethylhexyl) sulfosuccinate are used to avoid NPs 
aggregation. These chemicals sometimes remain adsorbed on the surface of the NPs even after 
work-up of the product, and their removal is challenging and adds to the overall process cost 
[65, 66]. The range of physical and chemical methods used for Ag and Au NP formation are 
shown in Table 1.1. 
Table 1.1: Different physical and chemical methods employed in the NPs synthesis 
S.No  Methods Synthesis of NPs/NMs References 
1.  Laser ablation Ag, Au, MgO, Mg [31, 32] 
2.  Sputtering AuAg alloy NPs, TiO2, ZnO, γ-Al2O3, Cu2O, 
Ag and Cu NPs, Ag-polymer nanocomposites, 
Au-ZnO nanocomposites, Au-silicon core-
shell NPs 
[40, 67-71] 
3.  Pyrolysis Ag, Fe3O4  [53, 54] 
4.  Digestive ripening AuNPs [72] 
5.  DC Arc discharge AuNPs, AgNPs [73, 74] 
6.  Ion beam irradiation  AgNPs, AuNPs, Ag-TiO2, Au-TiO2 [55],[75, 76], 
[77] 
7.  Pulse 
sonoelectrochmical 
AgNPs [56] 
8.  High energy mechanical 
milling 
FeS2 and FeS NPs 
 
[78] 
9.  Spark plasma deposition Bi2Te3 NPs [57] 
10. Sol gel NiFe2O4, AuNPs, AgNPs, TiO2 [30, 79, 80] 
11. Solvothermal  process CoFe2O4 NPs, CdSe NPs, CuO [58, 59, 81] 
12. Chemical reduction 
 Reduction by using 
peptides 
AuNPs, AgNPs  [63, 64, 82] 
13. Inert vapour 
condensation 
AgNPs, SiO2 (from Hexamethyldisilazane), 
TiO2 (Titanium ethoxide and Al2O3 
(Aluminum tri-sec butoxide) 
[83, 84] 
14. Water in oil 
microemulsions 
NiNPs, AgNPs [85, 86] 
 
2.3. Biological methods 
Biological synthesis are low cost, biocompatible, and environmentally safe methods to 
synthesize Au and Ag NPs [34, 35]. Different biological entities such as plant, bacteria, algae, 
actinomycetes and fungi have been explored for the synthesis of MNPs [87, 88]. Various 
biological system driven approaches have been attempted for the synthesis of Au and Ag NPs. 
Some of these approaches are described below. 
Chapter 1 
7 
2.3.1. Plant mediated 
Extract of different parts of plants have been used in the synthesis of Au and Ag NPs. Extracts 
with high antioxidant properties are sometimes good sources for Au and Ag NPs biosynthesis. 
Alfalfa sprouts (Medicago sativa) have been reported for producing intracellular spherical 
AgNPs with a very narrow size range of 2-20 nm [89]. Formation of spherical, triangular and 
hexagonal NPs of Au (50-100 nm) and Ag  (5-35 nm) were reported using neem broth [90]. 
Size controlled AuNPs biosynthesis mediated by Avena sativa (Oat) biomass was prepared 
under different pH conditions of Au salt [91]. Au nano-triangles of 15.2 ± 4.2 nm were obtained 
from the Aloe vera extract [92]. In 2007, formation of highly stable Au nano-triangles by the 
lemon grass extract was shown [93]. Highly stable quasilinear superstructures of Ag were 
obtained by geranium leaf (Pelargonium sp.) assisted synthesis [94]. Tea (Camellia sinensis) 
leaves, were identified as a potential candidate for the synthesis of gum arabic capped and stable 
spherical AuNPs with a size range of 15-42 nm [95]. Well dispersed, stable AuNPs with a size 
range of 10-15 nm were produced by cumin seed extracts [96]. Trianthema decandra, Syzygium 
cumini, Solanum torvum, Rosa rugosa, Cycas leaf broth, Acalypha indica were reported to 
synthesize stable AgNPs with varied particle size ranging from 2 to 60 nm [97-102]. It has been 
reported that Terminalia catappa and Rosa rugosa were potent bioagents for the formation of 
spherical (10-35 nm), triangular and hexagonal (50-250 nm) stable AuNPs [97, 103]. Leonard 
and coworkers tried to fabricate AuNPs by using an ancient Korean herb ginseng and found 
that it produces spherical NPs in the range of 2-40 nm when treated with Au salts [104]. Ahmad 
and co-workers reported Desmodium triflorum assisted formation of AgNPs with a narrow size 
range of 5-20 nm [105]. Using leaf extract of Nicotiana tobaccum crystalline, AgNPs in the 
size range of 8.43±1.15 nm were synthesized with antibacterial property against Pseudomonas 
aeruginosa and Escherichia coli DH5α [106].  Nycthathes arbortristis, Fissidens minutes, 
Murraya koenigii leaf extracts and Anthoceros were also reported for the synthesis of AgNPs 
[107-109]. Azadirachta indica mediated extracellular spherical AgNPs synthesis was reported 
by Khan and his team [110]. Iresine herbstii, Morinda citrifolia and Jatropa were reported to 
have good reducing agents, which are responsible for the synthesis of crystalline, face centered 
cubic structured (fcc) AgNPs [111-113]. Fruit peel extract of Momordica charantia treated at 
pH 10.0 and 1000 C was found to nanofabricate monodispersed AuNPs with size of 10-100 nm 
[114]. Pinus thunbergii cone extract mediated AgNPs of size 1-20 nm showed antibacterial 
activity against agricultural important pathogenic gram-positive and gram negative bacteria 
[115]. Vanaja and co-workers standardized the process for the controlled synthesis of AgNPs 
using Coleus aromaticus leaf extract at a alkaline pH of 8.2 and at temperature 700C [116]. Leaf 
extract of Ficus benghalensis was used for the synthesis of fcc AgNPs in the size range of 10-
50 nm. Associated biomolecules for reducing the salt into NPs and information about the 
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capping agents were also reported in this study [117]. Nepenthes khasiana leaves with 
medicinal effects were utilized for synthesizing triangular and spherical shape AuNPs in the 
particle size of 50-80 nm. These AuNPs showed antibacterial and antifungal effects but exact 
mechanism for the synthesis of these NPs remains unknown [118]. Not only plant parts but 
recently seed exudates of Sinapis arvensis were reported to synthesize AgNPs in the range of 
particle size 1-35 nm with strong antifungal activity against Neofusicoccum parvum [119]. 
Boiled banana peel mediated AgNPs were found to have extremely good antibacterial property 
against gram positive as well as gram negative pathogenic bacteria which was comparable with 
commercial antibiotic levofloxacin [120]. Ficus racemosa latex reported for the extracellular 
synthesis of both Au and Ag NPs [121] (Table 1.2).  
Table 1.2: Plants mediated synthesis of Au and Ag NPs 
S. 
No. 
Plants MNPs Shape  Size 
(nm) 
Localization Peculiarity References 











25-50 Extracellular ND [98] 
3. Terminalia 
catappa 
AuNPs  10-35 Extracellular Antioxidant 
property of TC 
leaf 
[103] 
4. Syzygium cumini AgNPs Spherical  29-70 Extracellular  [102] 
5. Desmodium 
triflorum 




















AuNPs Spherical  15-42 Extracellular External capping 
agent gum Arabic 
is used for 
stabilization 
[95] 






Extracellular ND [97] 
10. Nyctanthes 
arbortristis 
AuNPs Spherical  19.8±5 Extracellular Ethanollic extract 
of flower 
[107] 
11. Solanum torvum AgNPs Spherical  ~14 Extracellular ND [99] 




13. Alfalfa sprouts 
(Medicago sativa) 
AgNPs Spherical  2-20 Intracellular  [89] 
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15. Anthoceros leaf 
extract 
AgNPs Cuboidal , 
triangular 




16. Cumin (Cuminum 
cyminum) seed 
extract 
AuNPs Spherical 10-15 Extracellular Effective in 
fibroblast cancer. 
[95] 




AuNPs Triangular , 
hexagonal 




AgNPs Quasilinear  
superstructu
res 
5-35 Extracellular ND [94] 
19. Neem 
(Azadirachta 
indica) leaf broth 
Bimetall
ic  Au 
core and 
Ag shell 




AgNPs Spherical ~16 Extracellular Antibacterial 
property 
[122] 
21. Cycas (Cycas sp.) 
leaf broth 
AgNPs Spherical 2-6 Extracellular ND [100] 
22. Prunus domestica 
fruit extract 




23. Coleus amboinicus 
Launert 
AuNPs Spherical 20.5± 
11.5 
Extracellular ND [124] 
24. Ginseng (Panax 
ginseng) roots 
extract 
AuNPs Spherical  Extracellular ND [104] 
25. Iresine herbstii 
leaf extract 
 
AgNPs Cubic , face 
cantered 
cubic 


















10-20 Extracellular Stabilised by 
cyclic peptides 
[113] 










to tune for optical 
properties 
[92] 





Triangular 18 ±2 Extracellular Highly stable [93] 

















+Ve and gram –Ve 
pathogens 





20-25 Extracellular Antibacterial [125] 

















36. Sinapis arvensis 
seed exudate 




37. Banana  
(Musa acuminata) 
leaf extract 
AgNPs Spherical 27.5-2 Extracellular Antibacterial [120] 
38. Usnea longissima 
extract 













Extracellular Photo catalysed [121] 
ND = Not defined 
 
2.3.2. Bacteria mediated 
In past years, a large number of culturable microorganisms were reported to synthesize Au and 
Ag NPs both intracellularly and extracellularly. Previously Ahmad and co-workers reported 
thermophillic actinomycetes Thermomonospora sp. as a very potent candidate for extracellular 
AuNPs synthesis [129]. Later Actinobacter sp., Rhodopseudomonas capsulate, 
Stenotrophomonas maltophilia were shown to produce flat triangular, pyramidal, and spherical 
AuNPs, with particle size limits of 50-60 nm, 10-20 nm, and 40 ± 5 nm, respectively [87, 130, 
131]. Sangiliyandi and colleagues synthesized controlled AgNPs by pH and temperature 
optimization [132]. In this context Deepak and co-workers, prepared highly crystalline Au and 
Ag NPs in a range of particle size from 15-30 nm and 50-80 nm, respectively, using fibrinolytic 
enzyme isolated from Bacillus cereus [133]. The extremophilic Streptromyces was reported to 
synthesize AuNPs in the range of 18-20 nm and found to show antibacterial property against 
E.coli [134]. Korbekandi and colleagues reported optimized conditions for the production of 
AgNPs using a microbial model system of Lactobacillus casei subsp. Casei used AgNO3 as an 
enzyme inducer and glucose as an electron donor [135]. Wei and co-workers  reported that 
highly stable AgNPs can be formulated with the help of solar irradiation of a cell free extract 
of Bacillus amyloliquefaciens [136]. Nocardia farcinica cell exudate when heated at 1000C 
with chloroauric acid resulted in spherical AuNPs with particle size from 15-20 nm [137]. Apart 
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from readily available bacterial strains, this group used Cupriavidus metallidurans and Delftia 
acidovorans (bacterial strain isolated from the biofilm over Au nuggets from gold mines) for 
biomineralization and during the process colloidal AuNPs (50 nm) and octahedral AuNPs were 
formed by D. acidovorans [138]. The agriculturally important bacteria Serratia spp. was used 
for spherical AgNPs biosynthesis in the size range of 10-20 nm, with antifungal activity against 
Bipolaris sorokiniana [38]. Streptomyces fulvissimus was used to synthesize AuNPs with 
particle size from 10-50 nm [139]. In recent years bacterial species such as Bacillus pumilus, 
Bacillus persicus, and Bacillus licheniformis  were reported to synthesize AgNPs with antiviral 
effect on bean yellow mosaic virus (BMYV; Potyvirus) [140] (Table 1.3). 





MNPs Shape  Size 
(nm) 
Localization  Peculiarity  Referenc
es 
1. Stenotrophomonas  
maltophilia 
AuNPs Spherical  ~40 Intracellular  ND [87] 
2. Lactobacillus casei 
subsp.casei 




Extracellular  Silver nitrate as 
enzyme inducer 
and glucose as 
electron donor 
[135] 











AgNPs  Circular, 
triangular  
4.8-23.7 Extracellular  Solar irradiation 
of cell free 
extract 
[136] 




6. Bacillus cereus AuNPs Spherical  15-30 Extracellular  Highly 
crystalline 
[133] 





AuNPs  Spherical and 
rod 





AuNPs Triangular  
plates at pH 





Extracellular  pH 4.0 and pH 














15-30 Extracellular ND [142] 
12. Thermomonospora 
sp. 
AuNPs  Crystalline 
monodisperse 
7-12 Extracellular ND [129] 
13. Rhodococcus sp. AgNPs Spherical 10-15 Extracellular ND [143] 
14. Streptomyces sp. 
BDUKAS 10 
AgNPs  Spherical 21-48 Extracellular Bactericidal [144] 
15. Delftia acidovorans AuNPs Colloidal 
AuNPs and 






















19.   E.coli 116AR AgNPs  Spherical  20-30  Intracellular  Silver resistant 


















10-50  Extracellular  ND [[139] 
23. Lactobacillus 
fermentum 
AgNPs  11-20 Extracellular  Lactic acid 
mediated 
[147] 
24. Psychrobacter sp., 
Aeromonas 
salmonicida,   
Pseudomonas 
veronii and Yersinia 
kristensenii 
AgNps   Extracellular  Optimum 
synthesis at 40C  
[148] 
ND = Not defined 
  
2.3.3. Algae mediated 
A report on AgNPs biosynthesis using algae as a model system (Sargassum spp.) was published 
in 2005. Algae synthesized AuNPs with triangular, hexagonal and truncated triangular 
morphologies in the size range of 50-100 nm [149]. Xie and co-workers synthesized triangular, 
stable NPs in the size range 44 ± 6 nm by using Chlorella vulgaris as a model system [150]. 
Padina tetrastromatica was found to produce extracellular Au nanoplates in the range of 8.3-
25 nm [151]. Using Chlamydomonas reinhardtii Barwal and co-workers reported intracellular 
and extracellular synthesis of AgNPs, in the narrow size range of 5-35 nm [88]. Four genus of 
green algae, that is, Klebsormidium flaccidum, Cosmarium impressulum, euglenoid Euglena 
gracilis and cyanobacteria Anabaena flos-aquae were tested for extracellular AuNPs synthesis. 
Dahoumane and co-workers reported this as criteria for selection of algae as nanofactories 
[152]. Turbinaria conoides was another algal strain explored for extracellular biosynthesis of 




Table 1.4: Algae mediated synthesis of Au and Ag NPs 
S. 
No. 
Algae  MNPs Shape  Size 
(nm) 
Localization References 
1. Chlorella vulgaris   AgNPs Triangular  44±6 Extracellular [150] 
2. Anabaena flos-
aquae 
AuNPs Spherical  8-20 Extracellular [152] 
3. Klebsormidium 
flaccidum  
AuNPs Spherical  5-12 Extracellular [152] 
4. Cosmarium 
impressulum 
AuNPs   Spherical  4.5-
11.5 
Extracellular [152] 
6. Euglena gracilis AuNPs Spherical 
and 
triangular  
11-15 Extracellular [152] 
7.  Padina 
tetrastromatica 
AuNPs   Thin planar 
str. 
8.3-25 Extracellular [151] 
8. Chlamydomonas 
reinhardtii 
AgNPs    5-35 Peripheral  cytoplasm and 
extracellular 
[88] 
9. Sargassum wightii 
Greville 
AuNPs Spherical  8-12 Extracellular [153] 
10. Turbinaria conoides AuNPs Spherical, 
triangular 
6-10 Extracellular [116] 




50-100 Extracellular [149] 
 
2.3.4. Yeasts and fungi mediated 
The silver tolerant yeast MKY3 was reported to produce extracellular AgNPs in the range of 2-
5 nm [154]. The effect of salt and biomass on the size and shape of the synthesized AuNPs was 
reported by Pimprikar and co-workers using Yarrowia lipolytica NCIM3589 marine yeast as a 
model system [155]. Two fungal strains, Verticillium sp. and Fusarium oxysporum were used 
to synthesize Au, Ag and CdS NPs [156]. Gericke while working with Verticillium luteoalbum 
mediated AuNPs biosynthesis reported that different pH and temperatures resulted in different 
shapes of AuNPs. They reported that extract at pH 3.0 and 500C resulted in smaller and uniform 
spherical shape AuNPs, but the mechanism behind the controlled synthesis remains 
undertermined [157]. Hormoconis resinae was reported to produce fcc structured Au and Ag 
NPs [158, 159]. Ingle and co-workers reported another species of Fusarium (Fusarium solani), 
to produce protein capped stable AgNPs  in the size range 5-3 nm [160]. Many of the other 
fungal strains were also reported to produce Au and Ag NPs such as Trichoderma reesei, 
Penicillium brevicompactum, Aspergillus fumigates, Bipolaris nodulosa, Fusarium 
semitectum, although the mechanisms remain unknown [161-166]. Production of well dispersed 
AgNPs was reported using Trichoderma harzianum and Tricholoma crassum [167, 168]. 
Aureobasidium pullulans, along with Fusarium oxysporum, were tested and reported as good 
candidates for extracellular AuNPs production, with particles produced in the range of 2-50 nm 
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[169]. Du and co-workers found Pencillium with unique property of synthesizing both intra and 
extracellular AuNPs [170]. Rhizopus stolonifer was used as model organisms to produce 
spherical, extracellular AgNPs in the size range of 5-50 nm and with bactericidal properties 
[171]. Mishra and colleagues produced extracellular spherical AuNPs within the very narrow 
range of 20-40 nm and conjugated them with the genomic DNA of E.coli to avoid 
agglomeration [162]. Phoma macrostoma was found to produce intracellular AuNPs of various 
shapes and sizes, including spherical, triangular and rod [172]. Studies to find optimum fungi 
strains for Au and Ag NPs synthesis led to the discovery of three endophytic fungi from the 
ethno-medicinal plant Potentilla fulgens L. These three AgNPs synthesizing strains were 
identified as Aspergillus tamari, Aspergillus niger and Penicllium ochrochloron. Among these 
three cultures, Aspergillus tamari synthesized AgNPs with smallest NPs of size 3.5±3 nm [173]. 
The fungal strains Aspergillus terreus was explored for AuNPs within the size range 10-19 nm, 
having antibacterial property against pathogenic gram negative bacteria E. coli [174]. A 
Rhodopseudomonas capsulata fungal strain has not only been shown to produce NPs, but also 
Au nanowires [141]. Antibacterial AgNPs were synthesized in the range of 10-40 nm by using 
Schizophyllum radiatum as a model organism [175]. Recently, Aspergillus ochraceus was 
reported to synthesize AgNPs with spherical morphology in the size range 5.5-24.5 nm. These 
AgNPs possess both antibacterial and antitumour activities, against human colon carcinoma, 
human breast cancer, and human hepato-cellular carcinoma cells [176] (Table 1.5). 
Table 1.5: Fungus and yeast mediated synthesis of Au and Ag NPs 
S. 
No. 
Fungus  MNPs Size 
range 
(nm) 
Shape  Localization  Peculiarity  References 











Crystalline  Extracellular, 
intracellular 

























AgNPs 30-50 Spherical  Extracellular  ND [167] 
6. Aureobasidium 
pullulans 
AuNPs 29±6  Spherical  Intracellular  ND [169] 
7. Trichoderma 
reesei 




AgNPs 23-105 Mixed 
morphology 
 Extracellular  Fungal strain 





AgNPs 7-35  Spherical  Extracellular Effect of glucose 
concentration 


















AgNPs 10-60 Spherical  Extracellular  ND [166] 





AuNPs 3-20 Spherical 
hexagonal   
Extracellular  Well separated  [159] 
14. Penicillium sp. AuNPs 30-50 Spherical  Intra/extra ND [170] 







Extracellular  ND [168] 
16. Rhizopus 
stolonifer 
AgNPs 5-50 Spherical  Extracellular  Stable capping 








AuNPs 20-40 Spherical  Extracellular  Antibacterial  [162] 
18. Phoma 
macrostoma 
AuNPs 100-200 Spherical, 
triangle, rod 
shaped 










AuNPs ND Plates and 
NPs 
Extracellular  Superficially at 





tamari   
AgNPs 3.5±3 Spherical  Extracellular  ND [173] 
22. Aspergillus niger   AgNPs 8.7±6 Spherical  Extracellular  ND [173] 
23. Penicllium 
ochrochloron 
AgNPs 7.7±4.7 Spherical  Extracellular  ND [173] 
24. Aspergillus 
terreus 
AuNPs 10-19 Spherical  Extracellular  Antibacterial [174] 
25. Schizophyllum 
radiatum 
AgNPs 10-40 Spherical  Extracellular  ND [175] 
26. Aspergillus 
ochraceus 
AgNPs 5.5-24.5 Spherical   Extracellular  ND [176] 
27. Amylomyces 
rouxii  
AgNPs 5-27 Spherical  Extracellular  Antibacterial  [178] 
28. Rhizopus 
arrhizus BRS-07 














AgNPs 8-10 ND Extracellular  pH controlled 
synthesis 
[181] 
ND = Not defined 
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3.  Biomolecular mechanisms of Au and Ag NPs synthesis 
3.1. Plant mediated 
Reduction of metallic ions is possibly facilitated by reducing sugars and terpenoids present in 
leaf extract [90]. Lattanzio and co-workers researching the biosynthesis of NPs found the 
involvement of secondary metabolites such as ascorbic acid and gallic acid in the synthesis 
[182]. In Gliricidia sepium, it was hypothesized that flavonoids present in the broth are 
responsible for metallic ions reduction [183]. Tannins, polyphenolics, reducing sugars and 
antioxidant compounds are believed to play key roles in metal reduction [102, 103, 184]. Jha 
and co-workers speculated the involvement of polyphenols, glutathiones, metallothionins, and 
ascorbates present in the cycas leaf for the formation of AgNPs [100]. Nune and co-workers 
produced AuNPs, where Au metallic ion has being reduced by phenolics compounds and they 
were stabilized by using another external agent gum arabic [95].  
The important metal binding ligands metallothioneins (MT) and phytochelatins (PC) present in 
plants were reported to play a role in the mechanism of AgNPs synthesis, although the actual 
mechanism has not been determined [100]. MT and PC are cysteine rich proteins with heavy 
metal binding efficiency [185]. Ahmad and co-workers reported that biomolecules like NAD 
were involved in glycolysis, scavenging superoxide anion radicals and 1, 1-diphenyl-2-
picrylhydrazyl radicals (DPPH) in the biosynthesis of AgNPs [105]. The glutathione (GSH) 
mediated defense system is also one of the key defense system working in plants against the 
generated ROS. In order to combat ROS, the GSH defense cascade is activated and reduces the 
metallic salts into their corresponding NPs [100, 186]. Terpenoids, flavonones and reducing 
sugars from neem leaf broth were reported for the synthesis of AgNPs [110]. Ficus 
benghalensis aqueous leaf extract was reported as another very effective source for the 
production of antibacterial AgNPs. Association of plant flavonoids was reported for AgNPs 
synthesis [122].  It was hypothesized that proteins present in leaf extracts with aromatic amino 
acids such as tyrosine, tryptophan and phenylalanine acted as reducing agents and played a 
major role in reduction of Ag+ ions during the formation of AgNPs. In this study quinones and 
hydroxyl anthraquinones were reported as the stabilizing and capping agents for AgNPs 
formatoin [117]. Ficus racemosa latex is reported to contain a higher amount of aspartic 
protease enzymes (thermostable enzyme). Aspartic protease enzymes tend to experience an 
oxidative breakdown by different routes like disintegration of molecules because of radiations 
(radiolysis) and metal catalyzed oxidation releases electrons (e-) to the electrons (e-) deficient 
centers [187]. In the case of Ficus racemosa latex, oxidative breakdown of Aspartic protease 
enzymes may continue via radiolysis for AuNPs and metal catalyzed path for AgNPs. Au and 
Ag NPs are synthesized by using the free electrons (e-) released during both processes which is 
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utilized for the reduction of Au and Ag salts [121]. The manipulation of plant biomolecules 
systems for the controlled synthesis of Au and Ag NPs is more complicated than that for 
culturable microorganisms, and so work has often focused on elucidating the molecular 
mechanism of lower organisms with high reducing efficiency, rather than that of more complex 
plant systems (Table 1.6).  





MNPs  Biomolecules involved References 
1. Terminalia catappa AuNPs Tannin , polyphenolics and carboxylic 
compounds 
[103] 





AgNPs NAD involved in glycolysis, scavenging 
superoxide anion radicals and 1, 1-diphenyl-2-
picrylhydrazyl radicals (DPPH). 
[105] 




AuNPs  Catechin, Epicatechin,  theaflavins  [95] 
5. Azadirachta indica 
leaf extract 
AgNPs   Terpenoids, flavonones, reducing sugars of 
neem leaf broth  
[110] 
6. Cumin (Cuminum 
cyminum) seed 
extract 
AuNPs Phytochemicals frameworks, including cumin 
aldehyde, a-and ß-Pinene, cuminyl alcohol, 
pCymine,and ß-Terpinene within cumin seed 
[95] 
7. Ficus benghalensis 
aq. Leaf extract 
AgNPs Flavonoids  [122] 
8. Cycas leaf broth  AgNPs Polyphenols, glutathiones, metallothioneins, 
and ascorbates 
[100] 
9. Coleus  amboinicus  
Launert 
AuNPs  The aromatic amines, amide (II) groups and 
secondary alcohol are responsible for 
stabilizing  
[124] 
10. Ginseng  (Panax 
ginseng) roots 
extract 
AuNPs Ginsenosides or polysaccharides,flavones and 
other phytochemicals  
[104] 
11. Iresine herbstii leaf 
extract  
AgNPs  Polyols and phenols  [112] 
12. Morinda citrifolia 
Leaf extract 
AgNPs Phenolic compounds present in leaf extract  [111] 
13. Aloe vera (Aloe sp.) AuNPs Twinned  particles (MTPs) responsible for size 
control   
[92] 
14. Lemon grass 
(Cymbopogon 
citratus) 
 AuNPs core 
shell  
Ascorbic acid  [93] 
15. Murraya Koenigii AgNPs Increase in leaf extract decreases the particle 
size  
[109] 
16. Ficus Benghalensis AgNPs  Proteins with aromatic amino acids as reducing 
and quinones as capping agent 
[117] 
17. Garlic (Allium 
sativum) extract 









3.2. Bacteria and actinomycetes mediated 
Bacteria from a range of habitats are being exploited using different Au and Ag metallic salts 
with the intention of NPs synthesis. The enzymes and pathways of defense response are 
reported to be responsible for NPs production, although mechanisms are still unknown [130, 
133, 136]. Enzymes like NADPH-dependent reductase, cytocrome oxidase, phosphoadenosyl 
phosphosulfate reductase, sulfite reductase, fibrinolytic enzyme and hydrogenase have being 
reported as the reducing sources for the synthesis of Au and Ag NPs [87, 130, 131, 135, 136, 
142]. Some of the heterocyclic proteinaceous compounds present in cell free extracts were 
reported as capping agents during the synthesized of AuNPs [144]. The mitochondrial enzyme 
cytochrome oxidase has been reported to induce the reduction of metallic ions to form Au and 
Ag NPs. This enzyme is a transmembrane protein made up of two catalytic subunit (I and II). 
It is hypothesized that during cellular respiration, oxidases react with the cellular contents in 
the presence of metallic ions. Subunits of oxidases are responsible for pumping protons in and 
out of the cell. During the whole process electrons (e-) are released which may be the reducing 
factor playing a vital role in the biosynthesis of Au and Ag NPs. These set of enzymes are 
involved in the dihydrogen metabolism also, during which free e- are generated and these may 
help in the reduction of metallic ions [189]. 
NADPH-dependent reductases are another widely reported enzyme involved in bacterial based 
nanoparticle formation. This enzyme is present inside the mitochondria and plays a vital role in 
cellular respiration. It belongs to the broad group of oxidoreductases and is involved in the 
transfer of electrons (e-) from one molecule to another. During catalysis processes, this enzyme 
releases free protons (H+), which may act as reducing agents and in turn convert the metallic 
ions into corresponding NPs [190]. The reduction of metallic ions to their corresponding NPs 
with NADPH is because of the free electrons (e-) generated during cellular respiration. Another 
enzyme that was found to be very effective in the synthesis of Au and Ag NPs is the bacterial 
fibrinolytic enzyme [191-193]. Delftibactin, a linear nonribosomal polyketide compound, was 
recently reported to be involved in AuNPs synthesis during biomineralization, as a toxic 
elimination method used by Delftia acidovorans. This nonribosomal peptide has a chelating 
property. The capacity of this peptide to reduce the Au+ ions was because of the presence of 
ketonic groups [138]. Another study also confirmed the involvement of oxidoreductases in NPs 
synthesis. Oxidoreductases of cytoplasmic membrane were reported to play a major role in Ag+ 
ions reduction in a silver resistant E.coli strain. C-type cytochromes like NapC, present in 
periplasmic membrane, were reported to reduce the Ag+ ions into AgNPs. But the mechanism 
for the deposition of AgNPs in the periplasmic space still remains to be determined with this 
model organism [145]. Most of the proteins and other biomolecules reported in the case of 
bacterial mediated Au and Ag NPs are the enzymes of electrons (e-) transfer system, enzymes 
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involved in respiratory pathways and electron carriers or secondary metabolites secreted by 
bacterial cells to withstand metal stress (Table1.7) (Figure 1.2). 






MNPs Reported biomolecules References 
1. Stenotrophomonas  maltophilia AuNPs NADPH-dependent reductase [87] 
2. Lactobacillus casei subsp.casei AgNPs Silver nitrate as enzyme inducer 
and glucose as electron donor  
[135] 
3. Actinobacter sp. AuNPs Cytocrome oxidase  [130] 
4. Bacillus cereus AuNPs, 
AgNPs 
Fibrinolytic enzyme  [133] 
5. Rhodopseudomonas capsulate AuNPs NADPH-dependent reductase  [131] 
6. Rhodococcus sp. AgNPs   α-NADH dependent nitrate 
reductase   
[143] 
7. Delftia acidovorans AuNPs  Delftibactin (nonribosomal 
peptide) 
[138] 
8.  E.coli 116AR AgNPs  Oxidoreductases, c-type 
cytochromes NapC 
[145] 










3.3. Algae Mediated  
Algae mediated Au and Ag NPs synthesis is generally extracellular, because algal cell often 
cannot tolerate the metal stress generated and hence die in the process [152]. As a novel 
approach Xie and co-workers reported production of Ag nanoplates, the extracellular proteins 
of Chlorella vulgaris with tyrosine and its hydroxyl functionality was shown to be the reducing 
agent in AgNPs synthesis. Two carboxyl group in aspartic acid were shown to be shape 
directors for the synthesized Ag nanoplates [150]. The mechanism described in this algal model 
primarily involved hydrogenase and NADH reductases [88, 152]. Hydrogenases were involved 
in dihydrogen metabolism, during which free electrons (e-) were generated and resulted in the 
reduction of metallic ions. Algae NADPH-dependent reductase were reported to be involved in 
extracellular NPs synthesis. Proteins and biomolecules with the following functionalities were 
reported to be association with AgNPs production: Histone H4, carbonic anhydrase, ferredoxin-
NADP reductase, superoxide dismutase, sedoheptulose1,7-bisphosphatase, adenosine 
triphosphate (ATP) synthase and oxygen evolving enhancer protein [88]. Super oxide 
desmutase (SOD) gets activated in response to free oxygen and scavenges reactive oxygen 
species (ROS) to protect the cell from damage due to generated oxygen. These results indicate 
that metal stress results in the production of ROS, which further activates enzyme cascades for 
dismutation of free oxygen. This process releases electrons (e-) which in turn can reduce the 
metallic ions from salts and produces NPs [194]. Carbonic anhydrases association has been 
reported in AgNPs synthesis. Carbonic anhydrases can be present in the cell in two positions, 
membrane bound or free in cytosol. They mainly catalyze the reversible hydration reaction 
between carbon dioxide (CO2) and bicarbonate. This anhydrase facilitates transmembrane 
transport of CO2 and protons (H+) generated during the reaction [195]. Studies of the reported 
enzymes in algae indicate that not only reducing or oxidizing enzymes are responsible, but total 
oxidoreductases or both oxidative and reductive biomolecules were playing a vital role in the 
Au and Ag NPs biosynthesis [88] (Table 1.8) (Figure 1.3). 
Table 1.8: Biomolecule reported in algae mediated synthesis of Au and Ag NPs 
S. No. Algae  MNPs Reported biomolecule References 
1. Chlorella vulgaris   AgNPs Hydroxyl groups in Tyr and two 
carboxyl groups in Asp 
[150] 
2. Anabaena flos-aquae AuNPs Hydrogenase enzyme                    [152] 
3. Klebsormidium flaccidum  AuNPs Hydrogenase enzyme                    [152] 
4. Cosmarium impressulum AuNPs Hydrogenase enzyme                    [152] 
6. Euglena gracilis AuNPs Hydrogenase enzyme                    [152] 
7.  Padina tetrastromatica AuNPs Extracellular reducing agents and 
sulfated polysaccharides 
[151] 
8. Chlamydomonas reinhardtii AgNPs Superoxide  dismutase, ferredoxin-
NADP 





Fig. 1.3: Schematic representation of probable mechanism for algae mediated Au and Ag NPs 
synthesis 
3.4. Fungi mediated 
Cytosolic oxidoreductases and quinones were reportedly responsible for the NPs synthesis of 
fcc AgNPs using silver tolerant yeast MKY3 fungi [154]. Duran and co-workers working on 
mechanistic aspect of AgNPs synthesis hypothesized that nitrate-dependent reductases play a 
key role in this reduction [177]. These enzymes catalyze NADH-mediated reduction of nitrate 
to nitrite, releasing large amounts of cellular energy during the process [196], which in turn 
resulted in reduction of metallic ions to NPs. Mishra and colleagues used Hormoconis resinae 
for AuNPs biosynthesis and also proposed the involvement of NADH-dependent reductase as 
an electron (e-) carrier [159]. Aureobasidium pullulans reducing sugars were mainly responsible 
for the formation of AuNPs. However, in Fusarium oxysporum ATPase, 3-glucan binding 
protein and glyceraldehyde-3-phosphate dehydrogenase were reportedly the responsible 
biomolecules for AuNPs synthesis [169]. ATPase was the main enzymes responsible for 
production of high amount of energy by converting (ATP) to adenosine diphosphate (ADP). 
The energy developed during this reaction is utilized by the cell for its different life sustaining 
activities [197]. In the case of fungi mediated Au and Ag NPs synthesis, most of the enzymes 
reported were the crucial enzymes essential for the metabolic pathway completion of fungi. 
Still achieving shape and size control was a difficulty by using these enzymes in fungal 




Table1. 9: Biomolecules reported in fungi and yeast-mediated Au and Ag NPs synthesis 
S.No Fungus  MNPs Reported biomolecule References 
1. Fusarium oxysporum AuNPs, 
AgNPs 
Nitrate dependant reductases, shuttle quinones 
extracellular process, electron-shuttling 
compounds, ATPase, 3 -glucan binding 




2. Hormoconis resinae AgNPs 
AuNPs 
Proteins/enzymes present in the cell wall [158] 
3. Aureobasidium 
pullulans 
AuNPs Reducing sugars [169] 
4. Trichoderma Reesei AgNPs Various enzymes  are responsible [161] 
5. Hormoconis resinae AuNPs NADH-dependent 
reductase as electron carrier 
[159] 
6. MKY3 AgNPs Cytosolic oxidoreductases and quinones [154] 
7. Yarrowia lipolytica 
NCIM3589 
AuNPs Salt and cell concentration mediated [155] 
8. Yarrowia lipolytica 
NCIM3589 




Fig. 1.4: Schematic representation of probable mechanism for fungi-mediated Au and Ag NPs 
synthesis 
After reviewing the proposed mechanism involved in Au and Ag NPs biosynthesis it is evident 
that two approaches are primarily involved in the biosynthesis of NPs by a range of organisms. 
First is the formation of Au and Ag NPs by interaction with the surface proteins or biomolecules 




different reduction reactions. In the second process, reduction takes place because of the 
interaction with extracellular content or secretome of the organisms [198]. 
 
Fig. 1. 5: Schematic representation of proposed mechanism for intra and extracellular Au and Ag 
NPs synthesis 
4. Effects of physiological conditions (pH and temperature) on 
biosynthesized Au and Ag NPs 
Physiological conditions such as pH and temperature play a major role in controlling the size 
and shape of biosynthesized Au and Ag NPs. pH in some cases acts as a size deciding factor 
for the controlled synthesis of Au and Ag NPs. Agnihotri and co-workers reported the synthesis 
of different sized Au NPs using Y. lipolytica extract at different pHs (2.0, 7.0 and 9.0). They 
found that alkaline pH favoured the synthesis of smaller AuNPs. At higher pH the process of 
reduction slows down and hence the cohere force between particles is lower, which results in 
smaller NPs [180]. In addition, binding to the available functional groups increased the number 
of NPs [91]. Birla and coworkers reported the effect of pH on Fusarium oxysporum mediated 
AgNPs synthesis. As the pH value increased, the amount of OH− ions gradually increased. By 
getting absorbed on the surface of synthesized AgNPs, nucleophilic OH- ions maintain the 




synthesis of smaller AgNPs [199]. Chen and Carroll working on stable AgNPs reported that at 
lower pH aggregates were formed, while smaller AgNPs were obtained at higher pH [200]. 
Gurunathan and co-workers working on bacterial mediated AgNPs synthesis hypothesized that 
at higher pH, the increased concentration of OH- ions resulted in more regions for nucleation, 
which prevented the agglomeration of AgNPs resulting in smaller sizes [132]. Sintubin and co-
workers synthesized AgNPs by using Lactobacillus frementum and reported that higher pH had 
an antagonistic effect for the negative sites binding, between metal ions and protons, hence 
resulting in improved NPs synthesis compared to lower pH [147]. Researchers who 
mycofabricated AgNPs with Penicillium purpurogenum postulated that increased proton 
concentration affects conformational changes in the nitrate reductases enzymes present in the 
fungal extracellular filtrate, which may control the morphology, size, and number of the 
synthesized AgNPs [181]. The pH increased the percentage of free HS– group, and active 
species of cysteine increase, which in turn increased the nucleation rates and absorbance of SPR 
band, because the unfolded or denatured protein is more efficient in controlling crystal growth 
[188]. All amino acids are weak acids with pK1 value of about 2.0 for –COOH and pK2 of 
about 10 for –NH3 and go through conformational changes and alter their unfolded alignment 
under different pH conditions. Amino acid charges vary based on pH, impacting their binding 
affinity with the synthesized Au and Ag NPs. At lower pH, COOH and NH3 functionalities of 
amino acids are protonated and their association with the Au and Ag NPs increases. This 
promotes the biding efficiency between the amino acids and synthesized Au and Ag NPs, and 
can be a major factor in the shape and size control of Au and Ag NPs. At pH 7.0 both positive 
and negative ions are at equilibrium, reducing their binding efficiency with the Au and Ag NPs. 
At higher pH, concentrations of COO− and NH2 increase, decreasing binding with NPs [121]. 
Thus pH is an important factor which can impact the size, shape, surface charge and stability 
of synthesized Au and Ag NPs. In summary, formation rates of Au and Ag NPs are faster at 
alkaline pH and slower at acidic pH, but more shape confinement is favoured at lower pH. 
Another important factor effecting Au and Ag NPs synthesis is temperature. Javani and co-
workers isolated four bacteria from the Antarctica region, which were Psychrobacter sp., 
Aeromonas salmonicida, Pseudomonas veronii and Yersinia kristensenii, and synthesized 
stable AgNPs with broad antimicrobial activity against Escherichia coli, Klebsiella 
pneumoniae, and Staphylococcus epidermidis. They reported optimum synthesis of AgNPs at 
40C, and hypothesized that this may be because of the kind of biomolecules secreted from the 
cold region culture isolates [148].  Birla and co-workers reported faster synthesis of smaller 
AgNPs. On further increase of temperature to ~1000C a red shift and peak broadening were 
observed, which indicated that the aggregation of AgNPs may be because of denaturation of 
the capping agents like proteins [199]. Sarkar and co-workers reported facile synthesis of 
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AgNPs and stated that increased temperature of the reaction mixture, increased the kinetic 
energy of the system, increasing the chances of collision between the synthesized AgNPs, 
which in turn increased the chances of aggregate formation at higher temperature [201]. Van 
and co-workers during their study on the aggregative growth model of AgNPs showed that 
surface potential of AgNPs was inversely proportional to temperature and hence promoted 
aggregation of NPs at higher temperature [202]. Lee and co-workers during their photomediated 
AgNPs studies, observed and reported shape directed, faster synthesis of NPs at 800C compared 
with lower temperatures [203].  
5. Future applications of biosynthesized Au and Ag NPs 
In spite of uncontrolled size, shape, surface charge and monodispersity, these biosynthesized 
Au and Ag NPs have been used as antibiotic, antifungal, antiviral, anti-quorum sensing as well 
as anti-cancerous agents [95, 101, 106, 108, 122, 127, 179]. In theory, biogenic Au and Ag NPs 
can be utilised in many other applications, where chemically and physically synthesized NPs 
are already being used. For example, catalysts, biosensing, opticoelectronics and biomedicine. 
However, the implementation of biosynthesized Au and Ag NPs into practical applications have 
not been studied in detail, leaving a large area of research remaining to be explored. 
The anti-quorum sensing activity of biosynthesized Au and Ag NPs [127, 179] makes them 
interesting as avirulent therapeutic agents in cases like Pseudomonas sp. infection in cystic 
fibrosis [204] and biofilm formation in peritoneal dialysis machines [205]. Biosynthesized 
AuNps show infrared radiation absorption properties that can be further studied to design 
coatings with infrared absorbing glass, paints for vehicles and many other smatter coatings for 
future architectural development [11]. Biosynthesized Au and Ag NPs have shown cytotoxicity 
effects on cancerous cells such as prostate cancer, breast cancer, gastric carcinoma and normal 
lung fibroblast cells [95, 206]. Biosynthesized AgNPs exhibit broad spectrum antimicrobial 
properties against gram positive and gram negative pathogenic microbes [106, 111, 162] .  
Because of antimicrobial, wound healing and anti-inflammatory properties,  AgNPs were used 
for the fabrication of medically useful dressing materials, bed lining and related products [207, 
208].  Biosynthesized AgNPs can also act as catalysts [209, 210] and the catalysis property of 
AgNPs have been used to remove pollutants from water and air [211] (Table:1.10). Hence, 
biosynthesized Au and Ag NPs have a wide array of potential applications, which need to be 





Table 1.10: Uses of biosynthesized Au and Ag NPs 
S.No Source  NMs/NPs Property  References 
1. Nicotiana tobaccum AgNPs Inhibitory effect on Pseudomonas 
aeruginosa and Escherichia coli 
DH5α 
[106] 
2. Acalypha indica AgNPs Inhibitory effect on Escherichia 
coli, Vibrio cholerae 
[101] 
3. Fissidens minutus AgNPs Having antimicrobial property [108] 
4. Anthoceros leaf extract AgNPs Antibacterial, antifungal property [108] 
5. Cumin (Cuminum cyminum) 
seed extract 
AuNPs Effective in fibroblast cancer [95] 
6. Ficus benghalensis aq. Leaf 
extract 
AgNPs Antibacterial property [122] 
7. Iresine herbstii leaf extract 
 
AgNPs Antibacterial, cytotoxicity activity [112] 
8. Morinda citrifolia L. AgNPs Inhibitory activity against human 
pathogens 
[111] 
9. Pinus thunbergii AgNPs Antibacterial activity against 
agricultural gram +Ve and gram –
Ve pathogens 
[115] 
10. Hot water olive (Olea 
europaea) leaf extract 
AgNPs Antibacterial [125] 
11. Piper nigrum AgNPs Antibacterial against Citrobacter 
freundii and Erwinia cacticida 
[126] 
12. Sinapis arvensis seed 
exudate 
AgNPs Antifungal against Neofusicoccum 
parvum 
[119] 
13. Banana (Musa 
acuminata)leaf extract 
AgNPs Antibacterial [120] 
14. Usnea longissima  
extract 
AuNPs Inhibitor of Streptococcus mutants 
quorum sensing 
[127] 
15. Bhargavaea indica AgNPs Antibacterial [128] 
16. Streptomyces viridogen  AuNPs  Antibacterial activity [134] 
17. Streptomyces sps BDUKAS 
10 
AgNPs  Bactericidal [144] 
18. Serratia sp. AgNPs With antifungal activity against 
Bipolaris sorokiniana 
[38] 
19. Bacillus pumilus, Bacillus 
persicus, and Bacillus 
licheniformis 
AgNPs  Antibacterial and antiviral 
properties 
[140] 
20. Penicillium rugulosum AuNPs Antibacterial [162] 
21. Aspergillus terreus AuNPs Antibacterial [174] 
22. Amylomyces rouxii  AgNPs Antibacterial [178] 
23. Rhizopus arrhizus BRS-07 AgNPs Antiquorum sensing against 
Pseudomonas aeruginosa 
[179] 
24. Lemon grass (Cymbopogon 
citratus) 
AuNPs Infrared-absorbing optical coatings 
 
[11] 
25. Eucalyptus spp. plant extract  AgNPs Human gastric carcinoma and 
normal lung fibroblast cell lines 
 
[206] 
26. Momordica charantia leaf 
broth 
 
AgNPs Antimicrobial and catalytic 
property 
[209] 
27. Mentha arvensis var. 
piperascens, Buddleja 
officinalis, Maximowicz, 
Epimedium koreanum Nakai, 
Artemisia messer-
schmidtiana Besser, and 
Magnolia kobus 
AgNPs As nanocatalyst  [210] 
Chapter 1 
27 
6. Conclusion  
In conclusion, Au and Ag NPs synthesis biosynthetic approaches identified by researchers can 
serve as a ‘key enabling technology’, which are required for the synthesis of a range of NPs 
with potential applications in various sectors. The unique physical, chemical, biological, and 
electrical properties of Au and Ag NPs indicate future increased application in health, 
agriculture, environment, and energy sectors. Although there are several promising leads for 
Au and Ag NPs biosynthesis, and rapidly increasing numbers of publications and patents, 
commercial applications have not yet made it to the market. This relatively low number of 
commercial products even for chemically synthesized Au and Ag NPs is probably due to a 
range of factors, including high production costs due to the nonrenewable nature of methods, 
the use of hazardous chemicals, toxicity, and environment fate. Biological production of Au 
and Ag NPs could potentially solve some of these problems.  
Although a large range of organisms have been already explored for the biosynthesis of these 
NPs, application of Au and Ag NPs are restricted because of limited control over the shape, 
size, surface charge and dispersity. There is a need to develop a biomechanistic approach to 
controlling the shape, size, surface charge and dispersity of biosynthesized NPs. The 
mechanisms responsible for Au and Ag NPs biosynthesis are still undetermined. Mapping of 
divergent biological molecules, conditions and reducing agents involved in the biosynthesis of 
Au and Ag NPs is required to enable controlled biosynthesis of tailor made Au and Ag NPs. 
Further research is required to enable the development of a biomolecular strategy where the 
combination of different redox active proteinous, non-proteinous biomolecules of a specific 
organism can be controlled for the tailored biosynthesis of Au and Ag NPs.  
7. Future prospects 
Au and Ag NPs biosynthesis has been widely studied and a large number of organisms have 
been shown to have the capability of producing these particles. However, the biomolecular 
mechanism involved in the formation of these particles is not fully understood. The ability to 
control the shape and size of Au and Ag NPs will require an improved understanding of the 
mechanism of particle formation, and the role of specific proteins and small molecules in this 
process. In the meantime, exploration of biodiversity to discover organisms that produce 
specific-sized particles of commercial utility is still an important way to broaden the range of 
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1. Introduction  
Gold nanoparticles (AuNPs) and silver nanoparticles (AgNPs) have been the subject of 
considerable research [212, 213]. Some microorganisms, such as bacteria, yeast, and fungi help 
in toxic metal remediation by reduction of metal ions into nanoparticles (NPs) and are an 
important source for nanoparticles biosynthesis [51]. Studies related to biosynthesized NPs 
show that the size, shape, structure, stability, and other properties (chemical and physical) of 
the synthesized NPs strongly depend upon the experimental conditions [135, 214-216]. The 
presence of strong reducing agents, appropriate temperature, pH conditions, and high metal salt 
concentration play a role in maximizing the production of biosynthesized NPs [217-221]. 
Hence, the selection of microorganism to design a synthesis method in which the production of 
MNPs can be maximized with size, morphology, stability, and properties under control is 
important [222, 223]. 
On the basis of previous reported NPs synthesis mechanisms exploited in different 
microorganisms, it has been found that mycofabrication (fungi mediated synthesis) has both 
intracellular and extracellular NPs synthesis ability [170, 224, 225].  Higher biomass to act as 
reactant with metal salts in the process, high levels of extracellular enzymes, easy-to-handle 
biomass and ease of recovery of synthesized NPs makes fungi an ideal candidate to use in the 
production of NPs [226-228]. Fungi have the capacity to withstand different stress conditions, 
such as heavy metal concentration, temperature, and varied pH conditions [229, 230]. This class 
of organism manage to survive these extreme stress conditions using mechanisms of 
biosoprtion, transformation of metal to some other form like nano form or metal oxide, and cell 
wall precipitation [230-232]. The most abundantly responsible biomolecules reported in the 
mycobiosynthesis of NPs are reducing in nature, whether in the form of secondary metabolites 
or enzymes, such as nitrate reductases, NADH, nitrate dependant reductases, shuttle quinones 
extracellular process, electron-shuttling compounds, ATPase,3 -glucan binding protein and 
glyceraldehyde-3-phosphate dehydrogenase, cytosolic oxidoreductases and quinones [169, 
177, 233-236] .  
The aim of this work is to select potent fungal stains for rapid and bulk production of NPs, 
where selection criteria were the amount of produced biomass, extracellular total reduction 
potential and the extracellular synthesis ability for both Au and Ag NPs. Effects of pH and salt 
concentration on the fungal cell filtrate for NPs synthesis were also investigated using UV 
spectrometry studies.  
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2. Materials and methods 
2.2.1 Chemicals used 
All chemicals used were of analytical grade and purchased from Sigma Aldrich (India) or 
Merck (India) unless otherwise stated. Potato dextrose agar HiMedia was sterilized by 
autoclaving at 1200C for 15 mins before use. 
2.2.2 Subculturing of fungal strains 
The test fungi (340) were obtained from CMCC, TERI, New Delhi, India and maintained on 
potato dextrose agar and modified melin’s norkan media, and incubated at 280C ± 2 for 7-10 
days. Individual fungal colonies were picked and checked for further purity by subculturing on 
potato dextrose agar medium and MMN media. 
2.2.3 Reduction potential testing 
The 340 fungal strains were grown in 10 ml broth for 7 days in 50 ml test tubes and incubated 
at 280C ± 2 in a rotary shaker at 140 rpm. Obtained biomass was filtered by using 300 micron 
sieves and centrifuged at 12000 rpm for 10 mins with deionised Milli Q water (to get media 
free biomass, washing was repeated 3 times). Washed biomass was resuspended in 10 ml 
deionized Milli Q water for 48 hrs in 50 ml test tubes under same above mentioned shaking 
incubation conditions. After 48 hrs of incubation, biomass was filtered from the Milli Q, to 
obtain the cell filtrate, this cell filtrate was used for checking the total reduction potential of 
fungal strains. Percentage increase in reduction potential was measured on the basis of color 
intensity obtained at 700 nm. Briefly, 1.0 ml of extracellular cell filtrate was taken and mixed 
with potassium ferricyanide (2.5 ml). The mixture was incubated at 370C for 40 min. Aliquots 
of trichloroacetic acid (2.5 ml) were added to the mixture, which was then centrifuged at 3000 
rpm for 10 min whenever necessary. The upper layer of solution (2.5 ml) was mixed with Milli 
Q water (2.5 ml) and a freshly prepared ferric chloride solution (0.5ml). The absorbance was 
measured at 400 nm. A blank was prepared without adding the cell filtrate. Ascorbic acid at 
various concentrations was used as a standard [237-239].  
2.2.4. Extracellular synthesis of Au and Ag NPs 
Selected fungal isolates were maintained on PDA plates and MMN plates at 280C with regular 
sub-culturing on fresh media plates. The stock culture (7-10 days old) was inoculated in 100 ml 
of PDB and MMN (media composition, pH 5.6) depending upon media requirement for the 
culture in 250 ml Erlenmeyer flasks for biomass production. Flasks were incubated at 280C for 
7-10 days on a rotary shaker (140 rpm) depending upon culture requirement. Fungal mycelium 
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were separated from the culture medium by centrifugation (12,000 rpm, 10 min, and 40C) and 
washed thrice with deionized Milli Q water. Obtained fresh biomass (fresh weight) was 
resuspended in 100 ml of sterile deionized Milli Q water and further incubated for 48 hrs in 250 
ml Erlenmeyer flasks and incubated under same shaking conditions as mentioned earlier. After 
incubation, biomass was separated by filtration using 300 micron sieve and the cell-free filtrate 
was obtained. Briefly, for synthesis of AuNPs, aqueous gold chloride and for AgNPs aqueous 
silver nitrate solution at a working concentration of 1.0 mM was added to the cell-free filtrate 
and incubated at 280C ± 2 on a rotary shaker at 140 rpm in dark conditions. Controls containing 
cell-free filtrate only were kept as (without metal salts) as positive controls. Aqueous salt 
solution (without cell-free filtrate) were kept as negative controls along with the experimental 
flasks in triplicates. UV scan from 200-800 nm were taken at  different time intervals (after 0 
hrs, 2 hrs, 4 hrs, 6 hrs, 24 hrs and 30 hrs) to study the growth kinetics of Au and Ag NPs by the 
selected fungal isolates by UV spectrophotometer (UV 2450, Shimadzu, Japan) [135, 234, 235]. 
2.2.5. Optimization of process parameter for Au and Ag NPs synthesis by selected 
strains 
2.2.5.1. Fungal growth kinetics study through Ergosterol estimation 
Growth kinetic studies of selected strain were carried out in order to determine the stage of 
fungi to be taken for the process of biosynthesis of Au and Ag NPs from gold and silver salts. 
Ergosterol is known as the most abundant primary sterol present in the cell wall of filamentous 
fungi. Estimation of ergosterol is the most common method used for fungal biomass estimation 
[240-242]. Briefly, fungal strains were allowed to grow on solid PDA plates for 5-10 days 
depending on the culture. When significant growth on plates were observed, uniform mycelial 
plugs were taken out  by using 9 mm borer and six discs were transferred to the 100 ml liquid 
media under shaking condition at 28 0C ± 2 at 140 rpm. After 24 hours and at subsequent 24 hr 
intervals, 50 mg of fungal biomass was weighted and taken out and washed three times with 
Milli Q water. Washed fungal biomass was then shelled in liquid nitrogen and grounded using 
a motor and pestle and 1 ml of absolute ethanol was added and mixing by vortexing, the mixture 
was then incubated on ice for 1 hr and centrifuged for 5 min at 14,000 rpm. The supernatant 
was collected and a pellet was suspended in 1 ml of absolute ethanol and treated once again as 
above. The two supernatants were pooled together, filtered using 2 micron nitrocellulose filters 
(Millipore) and the pooled ethanol was analyzed for quantification of ergosterol using the 
protocol of Lindblom [243] with some modifications. Analysis was carried out on HPLC 
(CBM- 20A, Shimadzu, Kyoto, Japan), equipped with a quaternary pump (LC - 20AT), solvent 
degasser system (DGU - 20 A5), autosampler (SIL – 20A) and diode array detector (SPDM – 
20A). Inbuilt software (Shimadzu, LC solution) was used to control the HPLC pump and 
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acquire data from the diode array. A C18 Phenomenex column (Gemini- NX 250 mm × 4.6 mm 
× 5µm particle diameter) was used for the analysis. A series of ergosterol standards of varying 
range from 10-50 ppm was prepared in ethanol. The standard peak was obtained with a UV 
detector set at 282 nm with the runtime of 20 mins. with a mobile phase of methanol (97%) and 
water (3%) at a flow rate of 1ml/min and the injection volume of 50µl [244]. 
2.2.5.2. Effect of different aged cultures on extracellular synthesis of Au and Ag NPs 
Fungal strains found active for extracellular synthesis of both Au and Ag NPs was grown on 
100 ml liquid media in 250 ml Erlenmeyer flasks under shaking condition at 280C ± 2 and 140 
rpm from 0 to 432 hrs. After each 24 hrs biomass was weighed, separated, and cell filtrate 
prepared and checked for Au and Ag NPs synthesis as described earlier (2.2.3). 
2.2.5.3. Reaction Time  
The time of synthesis using the selected culture for Au and Ag NPs was optimized between 0 
and 72 hrs. The absorbance at 540 nm and 420 nm of the cell filtrate was measured with UV–
VIS spectroscopy in order to determine the minimum and maximum times required for the 
reaction. 
2.2.4.4 Effect of pH and salt concentration on extracellular synthesis of Au and Ag NPs 
Prepared cell filtrate as described in section 2.2.3 was maintained at a specific pH in the range 
3 to 9 by using the buffers sodium acetate (10 mM) and phosphate (50 mM). Salts in the 
working concentration of 1 mM were added to each sample and reactions monitored under UV 
Vis spectrometer by scanning from 200-800 nm [121]. Cell filtrate was treated with different 
concentrations of Au and Ag salt starting from 0.1 mM and increasing up to 1 mM. Every 
reaction was monitored under UV Vis spectrometer by scanning from 200-800 nm [245]. Au 
and Ag NPs synthesis rate, fungal biomass production, and effect of different parameters on Au 
and Ag NPs synthesis were examined within each stream by repeated measures analysis of 
variance(ANOVA), by performing one-way ANOVA of maximum values. P values less than 
0.05 were considered significant 
3. Results and Discussion 
3.1. Culture screening on the basis of growth and biomass 
340 fungal strains obtained from CMCC cultures were grown in PDA and MMN media for 7-
10 days with shaking. 80 among 340 cultures were found to produce measurable amounts of 
biomass in 7-10 days’. Total extracellular reduction potential assay was done by using the 7-10 
days old biomass of these 80 cultures (Table 2.1) (Graph 2.1). 
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Table 2.1: Culture, media, growth conditions, biomass levels and extracellular reduction potential 
S.No Culture 
code 








1. S276a Alpova diplophloeous MMN 280C ± 2, 140 rpm 0 0 
2. 8245 Alpova olivaceotinctus MMN 280C ± 2, 140 rpm 0 0 
3. 1 Amanita murina MMN 280C ± 2, 140 rpm 0 0 
4. DR-316 Amanita muscaria 
varfarmosa 
MMN 280C ± 2, 140 rpm 0 0 
5. KN 10 Amanita muscaria MMN 280C ± 2, 140 rpm 1.83 1.83 
6. AM 1578 Amanita muscaria MMN 280C ± 2, 140 rpm 0 0 
7. 2 Amanita muscaria MMN 280C ± 2, 140 rpm 2 1.59 
8. AMU Amanita muscaria MMN 280C ± 2, 140 rpm 1.5 1.59 
9. 4 Boletus cavipes MMN 280C ± 2, 140 rpm 0 0 
10. 134 Boletus cavipes MMN 280C ± 2, 140 rpm 0 0 
11 981 Boletus edulis MMN 280C ± 2, 140 rpm 0 0 
12. 7 Cenococcum geophyllum MMN 280C ± 2, 140 rpm 0 0 
13. A145 Cenococcum geophyllum MMN 280C ± 2, 140 rpm 0 0 
14. A 161 Cenococcum geophyllum MMN 280C ± 2, 140 rpm 0 0 
15. 6 Cenococcum geophyllum MMN 280C ± 2, 140 rpm 1 0.59 
16. 5 Cenococcum geophyllum MMN 280C ± 2, 140 rpm 0 0 
17. 109 Cenococcum geophyllum MMN 280C ± 2, 140 rpm 0 0 
18. SP 1 Cenococcum geophyllum 
(optimum growth in 7 
weeks) 
MMN 280C ± 2, 140 rpm 0 0 
19. 110 Chalciporuspiperatus MMN 280C ± 2, 140 rpm 0 0 
20.  9 Ectendomycorrhizae MMN 280C ± 2, 140 rpm 0 0 
21. 10 Ectendomycorrhizae MMN 280C ± 2, 140 rpm 0 0 
22. 11 Ectendomycorrhizae MMN 280C ± 2, 140 rpm 0 0 
23. 13 Elaphomycesgranulatus MMN 280C ± 2, 140 rpm 0 0 
24. 12 Elaphomycesgranulatus MMN 280C ± 2, 140 rpm 0 0 
25. 6362 Gautieriaotthii MMN 280C ± 2, 140 rpm 0 0 
26. 8481 Gautieriacaudata MMN 280C ± 2, 140 rpm 0 0 
27. 14 Gyrodonlividus MMN 280C ± 2, 140 rpm 0 0 
28. 19 Hebeloma crustuliniforme MMN 280C ± 2, 140 rpm 0 0 
29. 16 Hebeloma circinans MMN 280C ± 2, 140 rpm 0 0 
30. 15 Hebeloma calyptosporum MMN 280C ± 2, 140 rpm 0 0 
31. 20 Hebeloma 
crustuliniforme 
MMN 280C ± 2, 140 rpm 1.8 2.15 
32. 27 Hebeloma crustuliniforme MMN 280C ± 2, 140 rpm 0 0 
33. 28 Hebeloma cylindrosporum MMN 280C ± 2, 140 rpm 0 0 
34. 29 Hebeloma cylindrosporum MMN 280C ± 2, 140 rpm 0 0 
35. 26 Hebeloma crustuliniforme MMN 280C ± 2, 140 rpm 0 0 
36. 25 Hebeloma crustuliniforme MMN 280C ± 2, 140 rpm 0 0 
37. 30 Hebeloma edurum MMN 280C ± 2, 140 rpm 0 0 
38. 24 Hebeloma crustuliniforme MMN 280C ± 2, 140 rpm 0 0 
39. 21 Hebeloma crustuliniforme MMN 280C ± 2, 140 rpm 0 0 
40. 31 Hebeloma edurum MMN 280C ± 2, 140 rpm 0 0 
41. 7650 Hebeloma 
crustuliniforme 
MMN 280C ± 2, 140 rpm 1.5 2.5 
42. 36 Hebeloma sinapizans MMN 280C ± 2, 140 rpm 0 0 
43. A 175 Cenococcum geophyllum MMN 280C ± 2, 140 rpm 0 0 
44. S166 Hebeloma crustuliforme MMN 280C ± 2, 140 rpm 0 0 
45. 39 Hebeloma truncatum MMN 280C ± 2, 140 rpm 0 0 
46. 38 Hebelom asinapizans MMN 280C ± 2 , 140 rpm 0 0 
47. 40 Hebeloma vaccinum MMN 280C ± 2 , 140 rpm 0 0 
48. 32 Hebeloma inagratum MMN 280C ± 2 , 140 rpm 0 0 
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49. 33 Hebeloma mesophaeum MMN 280C ± 2 , 140 rpm 0 0 
50. 41 Hysterangium 
incarceratum 
MMN 280C ± 2 , 140 rpm 0 0 
51. 120 Lactarius farinacea MMN 280C ± 2 , 140 rpm 1.2 1.59 
52. 7599 Laccaria bicolor MMN 280C ± 2 , 140 rpm 0 0 
53. DR 72 Laccaria laccata MMN 280C ± 2 , 140 rpm 0 0 
54. DR 223 Laccaria laccata MMN 280C ± 2 , 140 rpm 0 0 
55. 42 Laccaria amethystine MMN 280C ± 2 , 140 rpm 0 0 
56. KN 4 Laccaria laccata MMN 280C ± 2 , 140 rpm 1.1 1.059 
57. KN 1 Laccaria laccata MMN 280C ± 2 , 140 rpm 0 0 
58. KN 9 Laccaria fraternal MMN 280C ± 2 , 140 rpm 3 6.5 
59. KN 13 Laccaria proxima MMN 280C ± 2 , 140 rpm 0 0 
60. KN 12 Laccaria laccata MMN 280C ± 2 , 140 rpm 1.4 0 
61. 43 Laccaria bicolor MMN 280C ± 2 , 140 rpm 0 0 
62. 44 Laccaria laccata MMN 280C ± 2 , 140 rpm 0 0 
63. 49 Laccaria laccata MMN 280C ± 2 , 140 rpm 0 0 
64. 52 Laccaria tortilis MMN 280C ± 2 , 140 rpm 1.8 0 
65. 51 Laccaria proxima MMN 280C ± 2 , 140 rpm 0 0 
66. DR 64 Laccaria bicolor MMN 280C ± 2 , 140 rpm 0 0 
67. 48 Laccaria laccata MMN 280C ± 2 , 140 rpm 0 0 
68. 45 Laccaria laccata MMN 280C ± 2 , 140 rpm 0 0 
69. 46 Laccaria laccata MMN 280C ± 2 , 140 rpm 0 0 
70. 47 Laccaria laccata MMN 280C ± 2 , 140 rpm 0 0 
71. DR 113 Laccaria laccata MMN 280C ± 2 , 140 rpm 0 0 
72. S 446 Laccaria amethystine MMN 280C ± 2 , 140 rpm 0 0 
73. 3160 Laccaria laccata MMN 280C ± 2 , 140 rpm 0 0 
74. S448 Laccaria laccata MMN 280C ± 2 , 140 rpm 0 0 
75. S449 Laccaria laccata MMN 280C ± 2 , 140 rpm 0 0 
76. S505 Laccaria laccata MMN 280C ± 2 , 140 rpm 0 0 
77. 132 Laccaria proxima MMN 280C ± 2 , 140 rpm 0 0 
78. 3337 Laccaria laccata MMN 280C ± 2 , 140 rpm 0 0 
79. S444 Laccaria laccata MMN 280C ± 2 , 140 rpm 0 0 
80. 3336 Laccaria laccata MMN 280C ± 2 , 140 rpm 0 0 
81. 3340 Laccaria laccata MMN 280C ± 2 , 140 rpm 0 0 
82. 3334 Laccaria laccata MMN 280C ± 2 , 140 rpm 0 0 
83. 10440 Laccaria laccata MMN 280C ± 2 , 140 rpm 0 0 
84. 63 Laccaria scaber MMN 280C ± 2 , 140 rpm 0 0 
85. 64 Laccaria scaber MMN 280C ± 2 , 140 rpm 0 0 
86. 118 Laccaria deliciosus MMN 280C ± 2 , 140 rpm 0 0 
87. 136 Laccaria hepaticus MMN 280C ± 2 , 140 rpm 0 0 
88. 121 Laccaria rufus MMN 280C ± 2 , 140 rpm 0  
89. UAMH5930 Laccaria rufus MMN 280C ± 2 , 140 rpm 0 0 
90. 117 Laccaria chrysorrheus MMN 280C ± 2 , 140 rpm 0 0 
91. 119 Laccaria deterrimus MMN 280C ± 2 , 140 rpm 0 0 
92. 62 Laccaria tabidus MMN 280C ± 2 , 140 rpm 0 0 
93. 55 Laccaria deterrimus MMN 280C ± 2 , 140 rpm 0 0 
94. 54 Laccaria controversus MMN 280C ± 2 , 140 rpm 0 0 
95. 53 Laccaria controversus MMN 280C ± 2 , 140 rpm 0 0 
96. 58 Laccaria rufus MMN 280C ± 2 , 140 rpm 0 0 
97. 60 Laccaria subdulcis MMN 280C ± 2 , 140 rpm 0 0 
98. 116 Laccaria chrysornheus MMN 280C ± 2 , 140 rpm 0.5 0 
99. 61. Laccaria subdulcis MMN 280C ± 2 , 140 rpm 0 0 
100. 59 Laccaria rufus MMN 280C ± 2 , 140 rpm 1.5 1 
101. 8967 Leccinum  scabrum MMN 280C ± 2 , 140 rpm 0 0 
102. DR-20 Leccinum insigne MMN 280C ± 2 , 140 rpm 0 0 
103. 138 Leccinum aurantiacum MMN 280C ± 2 , 140 rpm 2 2.5 
104. 7402 Martellia ellipsospora MMN 280C ± 2 , 140 rpm 0 0 
105. 8564 Melanogaster 
tuberiformis 
MMN 280C ± 2 , 140 rpm 0 0 
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106. 7681 Melanogaster 
tuberiformis 
MMN 280C ± 2 , 140 rpm 0 0 
107. 8572 Melanogaster varigatus MMN 280C ± 2 , 140 rpm 0 0 
108. 8969 Paxillus involutus MMN 280C ± 2 , 140 rpm 0 0 
109. 66 Paxillus involutus MMN 280C ± 2 , 140 rpm 0 0 
110. 123 Paxillus involutus MMN 280C ± 2 , 140 rpm 0 0 
111. 127 Paxillus involutus MMN 280C ± 2 , 140 rpm 0 0 
112. 124 Paxillus involutus MMN 280C ± 2 , 140 rpm 0 0 
113. 125 Paxillus involutus MMN 280C ± 2 , 140 rpm 0 0 
114. 126 Paxillus involutus MMN 280C ± 2 , 140 rpm 0 0 
115. PI1186 Paxillus involutus MMN 280C ± 2 , 140 rpm 0 0 
116. 65 Paxillus involutus MMN 280C ± 2 , 140 rpm 1 0.59 
117. 9628 Paxillus involutus MMN 280C ± 2 , 140 rpm 0 0 
118. 74 Paxillus involutus MMN 280C ± 2 , 140 rpm 0 0 
119. 69 Paxillus involutus MMN 280C ± 2 , 140 rpm 0 0 
120. 139 Paxillus involutus MMN 280C ± 2 , 140 rpm 2.1 2.15 
121. S457 Phaeolepiota aurea MMN 280C ± 2 , 140 rpm 0 0 
122. FAP7 Phaeolepiota fortinii MMN 280C ± 2 , 140 rpm 0 0 
123. 76 Piloderma  MMN 280C ± 2 , 140 rpm 0 0 
124. Pt240 Pisolithus tinctorius MMN 280C ± 2 , 140 rpm 0 0 
125. 3339 Pisolithus tinctorius MMN 280C ± 2 , 140 rpm 0 0 
126. S471 Pisolithus tinctorius MMN 280C ± 2 , 140 rpm 0 0 
127. KN6 Pisolithus tinctorius MMN 280C ± 2 , 140 rpm 1 0.509 
128. 3161 Pisolithus tinctorius MMN 280C ± 2 , 140 rpm 0 0 
129. Pt144 Pisolithus tinctorius MMN 280C ± 2 , 140 rpm 0 0 
130. Pt237 Pisolithus tinctorius MMN 280C ± 2 , 140 rpm 0 0 
131. Pt307 Pisolithus tinctorius MMN 280C ± 2 , 140 rpm 0 0 
132. 128 Pisolithus tinctorius MMN 280C ± 2 , 140 rpm 0 0 
133. 78 Pisolithus tinctorius MMN 280C ± 2 , 140 rpm 0 0 
134. 80 Pisolithus tinctorius MMN 280C ± 2 , 140 rpm 0 0 
135. 81 Pisolithus tinctorius MMN 280C ± 2 , 140 rpm 0 0 
136. Pt101 Pisolithus tinctorius MMN 280C ± 2 , 140 rpm 0 0 
137. S327 Rhizopogan subareolatus MMN 280C ± 2 , 140 rpm 0 0 
138. S294 Rhizopogan  fuscorubens MMN 280C ± 2 , 140 rpm 0 0 
139. S399 Rhizopogan vulgaris MMN 280C ± 2 , 140 rpm 0 0 
140. S522 Rhizopogan smithii MMN 280C ± 2 , 140 rpm 0 0 
141. S483 Rhizopogan mutabilis MMN 280C ± 2 , 140 rpm 0 0 
142. S482 Rhizopogan vulgaris MMN 280C ± 2 , 140 rpm 0 0 
143. S419 Rhizopogan cusickensis MMN 280C ± 2 , 140 rpm 0 0 
144. S390 Rhizopogan 
subscaerulescens 
MMN 280C ± 2 , 140 rpm 0 0 
145. S377 Rhizopogan vulgaris MMN 280C ± 2 , 140 rpm 0 0 
146. S86 Rhizopogan arenicola MMN 280C ± 2 , 140 rpm 0 0 
147. S548 Rhizopogan colossus MMN 280C ± 2 , 140 rpm 0 0 
148. S421 Rhizopogan ellenae MMN 280C ± 2 , 140 rpm 0 0 
149. S252 Rhizopogan occident MMN 280C ± 2 , 140 rpm 0 0 
140. Luoma946 Rhizopogan rubescens MMN 280C ± 2 , 140 rpm 0 0 
151. Luoma1046 Rhizopogan parksii MMN 280C ± 2 , 140 rpm 0 0 
152. Luoma 965 Rhizopogan 
subscaerulescens 
MMN 280C ± 2 , 140 rpm 0 0 
153. S219 Rhizopogan vulgaris MMN 280C ± 2 , 140 rpm 0 0 
154. S153 Rhizopogan vinicolor MMN 280C ± 2 , 140 rpm 0 0 
155. Luoma1039 Rhizopogan rubescens MMN 280C ± 2 , 140 rpm 0 0 
156. S249 Rhizopogan villosulus MMN 280C ± 2 , 140 rpm 0 0 
157. S412 Rhizopogan clavitisporus MMN 280C ± 2 , 140 rpm 0 0 
158. S406 Rhizopogan hawkerae MMN 280C ± 2 , 140 rpm 0 0 
159. S268 Rhizopogan 
subscaerulescens var. 
subpannosus 
MMN 280C ± 2 , 140 rpm 0 0 
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160. S405 Rhizopogan 
ochraceorubens 
MMN 280C ± 2 , 140 rpm 0 0 
161. S280 Rhizopogan 
subscaerulescens 
MMN 280C ± 2 , 140 rpm 0 0 
162. 7534 Rhizopogan vinicolor MMN 280C ± 2 , 140 rpm 0 0 
163. 84 Rhizopogan luteolus MMN 280C ± 2 , 140 rpm 0 0 
164. 83 Rhizopogan luteolus MMN 280C ± 2 , 140 rpm 0 0 
165. 8132 Rhizopogan smithii MMN 280C ± 2 , 140 rpm 0 0 
166. 8073 Rhizopogan reaii MMN 280C ± 2 , 140 rpm 0 0 
167. 85 Rhizopogan nigrescens MMN 280C ± 2 , 140 rpm 0 0 
168. 86 Rhizopogan roseolus MMN 280C ± 2 , 140 rpm 0 0 
169. 8972 Rhizopogan evadens MMN 280C ± 2 , 140 rpm 0 0 
170. 89 Rhizopogan vulgaris MMN 280C ± 2 , 140 rpm 0 0 
171. 88 Rhizopogan subrerolatus MMN 280C ± 2 , 140 rpm 0 0 
172. 87 Rhizopogan rubescens MMN 280C ± 2 , 140 rpm 0 0 
173. A156 Rhizopogan 
ochraceorubens 
MMN 280C ± 2 , 140 rpm 0 0 
174. 7544 Rhizopogan occidentalis MMN 280C ± 2 , 140 rpm 0 0 
175. 6271 Rhizopogan ellenae MMN 280C ± 2 , 140 rpm 0 0 
176. 3335 Rhizopogan vulgaris MMN 280C ± 2 , 140 rpm 0 0 
177. 3333 Rhizopogan rubescens MMN 280C ± 2 , 140 rpm 0 0 
178. 11621FI Rhizopogan parksii MMN 280C ± 2 , 140 rpm 0 0 
179. 6364 Rhizopogan rubescens MMN 280C ± 2 , 140 rpm 0 0 
180. 6861 Rhizopogan vinicolor MMN 280C ± 2 , 140 rpm 0.9 0 
181. 7530 Rhizopogan vulgaris MMN 280C ± 2 , 140 rpm 0 0 
182. 7519 Rhizopogan 
ochraceorubens 
MMN 280C ± 2 , 140 rpm 0 0 
183. 7433 Rhizopogan hawkerae MMN 280C ± 2 , 140 rpm 0 0 
184. 7144 Rhizopogan smithii MMN 280C ± 2 , 140 rpm 0 0 
185. 8974 Rhizopogan ellenae MMN 280C ± 2 , 140 rpm 0 0 
186. 7993 Rhizopogan fuscorubens MMN 280C ± 2 , 140 rpm 0 0 
187. 9009 Rhizopogan 
ochraceisporus 
MMN 280C ± 2 , 140 rpm 0 0 
188. 9093 Rhizopogan rubescens MMN 280C ± 2 , 140 rpm 0 0 
189. 9359 Rhizopogan vinicolor  MMN 280C ± 2 , 140 rpm 0 0 
190. 8727 Sarcodon scabrosus MMN 280C ± 2 , 140 rpm 0 0 
191. 130 Scleroderma aurantium MMN 280C ± 2 , 140 rpm 0 0 
192. 92 Scleroderma flavidum MMN 280C ± 2 , 140 rpm 0 0 
193. 90 Scleroderma cepa MMN 280C ± 2 , 140 rpm 1.2 0 
194. DR-359 Scleroderma citrinum MMN 280C ± 2 , 140 rpm 0 0 
195. 97 Suillus granulatus MMN 280C ± 2 , 140 rpm 0 0 
196. 98 Suillus granulatus MMN 280C ± 2 , 140 rpm 0 0 
197. S430 Suillus americanus MMN 280C ± 2 , 140 rpm 0 0 
198. SV Suillus varigatus MMN 280C ± 2 , 140 rpm 1 0.8 
199. 101 Suillus luteus MMN 280C ± 2 , 140 rpm 0 0 
200. 100 Suillus luteus MMN 280C ± 2 , 140 rpm 0 0 
201. 102 Suillus varigatus MMN 280C ± 2 , 140 rpm 0 0 
202. SBM Suillus bovinus MMN 280C ± 2 , 140 rpm 0 0 
203. 96 Suillus bovinus MMN 280C ± 2 , 140 rpm 0 0 
204. 103 Suillus varigatus MMN 280C ± 2 , 140 rpm 0 0 
205. 1187 Suillus luteous MMN 280C ± 2 , 140 rpm 0 0 
206. 6998 Suillus lakei MMN 280C ± 2 , 140 rpm 0 0 
207. 7644 Suillus tometosus MMN 280C ± 2 , 140 rpm 0 0 
208. 7598 Suillus brevipes MMN 280C ± 2 , 140 rpm 0 0 
209. 7671 Suillus brevipes MMN 280C ± 2 , 140 rpm 0 0 
210. E3151 Suillus tometosus MMN 280C ± 2 , 140 rpm 0 0 
211. 9012 Suillus luteus MMN 280C ± 2 , 140 rpm 0 0 
212. 9013 Suillus luteus MMN 280C ± 2 , 140 rpm 0 0 
213. 7589 Suillus granulatus MMN 280C ± 2 , 140 rpm 0 0 
214. KN14 Suillus subluteous MMN 280C ± 2 , 140 rpm 0 0 
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215. 94 Suillus bellini MMN 280C ± 2 , 140 rpm 0 0 
216. 95 Suillus boviniodes MMN 280C ± 2 , 140 rpm 0 0 
217. S313 Suillus tomentosus MMN 280C ± 2 , 140 rpm 0 0 
218. 7531 Suillus punctatipes MMN 280C ± 2 , 140 rpm 0 0 
219. 93 Suillus bellini 
(hydrophobic) 
MMN 280C ± 2 , 140 rpm 0 0 
220. 104 Thelephora terrestris MMN 280C ± 2 , 140 rpm 0 0 
221. KN2 Thelephora terrestris MMN 280C ± 2 , 140 rpm 0.9 0 
222. KN3 Thelephora terrestris MMN 280C ± 2 , 140 rpm 0 0 
223. 3338 Thelephora terrestris MMN 280C ± 2 , 140 rpm 0 0 
224. 106 Tricholoma populinum MMN 280C ± 2 , 140 rpm 0 0 
225. 105 Tricholoma albobruneum MMN 280C ± 2 , 140 rpm 0 0 
226. 133 Tricholoma ustale MMN 280C ± 2 , 140 rpm 0 0 
227. 107 Tricholoma scalpturatum MMN 280C ± 2 , 140 rpm 0 0 
228. S489 Tuber melanosporum MMN 280C ± 2 , 140 rpm 0 0 
229. NSW6383 Wilcoxinia mikolae MMN 280C ± 2 , 140 rpm 0 0 
230. 6361 Unknown  MMN 280C ± 2 , 140 rpm 0 0 
231.  Boletus sp. MMN 280C ± 2 , 140 rpm 1.2 0 
232. Guest M Geastrum Sp. MMN 280C ± 2 , 140 rpm 0 0 
233. H .? Hysterangium Sp. MMN 280C ± 2 , 140 rpm 0 0 
234. Lyco Lycoperdon Sp. MMN 280C ± 2 , 140 rpm 0 0 
235. Ptt  Pisolithus tinctorius MMN 280C ± 2 , 140 rpm 0 0 
236. PtD Pisolithus tinctorius MMN 280C ± 2 , 140 rpm 0 0 
237. Russula  Russula Sp. MMN 280C ± 2 , 140 rpm 1.5 0 
238. Svoak Sclerederma verucosum MMN 280C ± 2 , 140 rpm 0 0 
239. Suillus sp. Suillus sp. MMN 280C ± 2 , 140 rpm 0 0 
240. Rlt  Rhizopogan luteolus MMN 280C ± 2 , 140 rpm 0 0 
241. S .cepa Sclerederma cepa MMN 280C ± 2 , 140 rpm 0 0 
242. S .vt Sclerederma verucosum MMN 280C ± 2 , 140 rpm 0 0 
243. Pt .FI  Pisolithus tinctorius MMN 280C ± 2 , 140 rpm 0 0 
244. Mo38 ND MMN 280C ± 2 , 140 rpm 0 0 
245. 11587 ND MMN 280C ± 2 , 140 rpm 0 0 
246. 11293 ND MMN 280C ± 2 , 140 rpm 0 0 
247. P.D(II) Ptv Pisolithus tinctorius MMN 280C ± 2 , 140 rpm 0 0 
248. L -? ND MMN 280C ± 2 , 140 rpm 0 0 
250. 17 Hebeloma 
crustuliniformi 
MMN 280C ± 2 , 140 rpm 0.9 0 
251. Lyco II Lycoperdon MMN 280C ± 2 , 140 rpm 0 0 
252. Pt SV ND MMN 280C ± 2 , 140 rpm 0 0 
253. Pt RP ND MMN 280C ± 2 , 140 rpm 0 0 
254. Pt SBK ND MMN 280C ± 2 , 140 rpm 0 0 
255. Pt BRC ND MMN 280C ± 2 , 140 rpm 0 0 
256. Pt A Pisolithus tinctorius 
Almora 
MMN 280C ± 2 , 140 rpm 0 0 
257. Pt K Pisolithus tinctorius 
Korba 
MMN 280C ± 2 , 140 rpm 0 0 
258. Pt P Pisolithus tinctorius  
Panchmari 
MMN 280C ± 2 , 140 rpm 0 0 
259. Pt FII Pisolithus tinctorius 
Faridabad 
MMN 280C ± 2 , 140 rpm 0 0 
260. P.P Pleurotus pulmonarius  MMN 280C ± 2 , 140 rpm 0 0 
261. P.F Pleurotus florida MMN 280C ± 2 , 140 rpm 0 0 
262. P.C Pleurotus sajor caju MMN 280C ± 2 , 140 rpm 2 1.509 
263. P.O Pleurotus ostreatus MMN 280C ± 2 , 140 rpm 0 0 
264. P.cys Pleurotus cystidiosus MMN 280C ± 2 , 140 rpm 0 0 
265. P .cous Pleurotus corticatus MMN 280C ± 2 , 140 rpm 1.1 0.57 
266. L .edodus Lentinula edodus 
(Shiitake) 
MMN 280C ± 2 , 140 rpm 2 3.5 







MMN 280C ± 2 , 140 rpm 0 0 
269. Bel-1 ND MMN 280C ± 2 , 140 rpm 0 0 
270. Bel-2 ND MMN 280C ± 2 , 140 rpm 0 0 
271. Bel-6 ND MMN 280C ± 2 , 140 rpm 0 0 
272. Bel-8 ND MMN 280C ± 2 , 140 rpm 0 0 
273. Bel-10 ND MMN 280C ± 2 , 140 rpm 0 0 
274. Bel-12 ND MMN 280C ± 2 , 140 rpm 0 0 
275. Bel-13 ND MMN 280C ± 2 , 140 rpm 1.3 1.509 
276. Bel-7 ND MMN 280C ± 2 , 140 rpm 0 0 
277. Japani 
Mushroom 
ND  MMN 280C ± 2 , 140 rpm 0 0 
278. Shiitake  ND MMN 280C ± 2 , 140 rpm 1.2 0 
279. Brawan 
Mushroom 
ND MMN 280C ± 2 , 140 rpm 0 0 
280.  Mececossica conine MMN 280C ± 2 , 140 rpm 1.5 0 
281. BM 1329 ND PDA 280C ± 2 , 140 rpm 2.8 0 
282. S-1,F2 ND PDA 280C ± 2 , 140 rpm   
283. 4918 ND PDA 280C ± 2 , 140 rpm 2.3 0.604 
284. Soil  1, F3 ND PDA 280C ± 2 , 140 rpm 2.5 0 
285. Soil 2, F1. ND PDA  280C ± 2 , 140 rpm 0 0 
286. Soil 2, F3 ND PDA 280C ± 2 , 140 rpm 0 0 
287. Soil 2, F5 ND PDA 280C ± 2 , 140 rpm 3 5.5 
288. 800 ND PDA 280C ± 2 , 140 rpm 2 0 
289. 795 ND PDA 280C ± 2 , 140 rpm 2.2 1.24 
290. Soil 2, F4 ND PDA  280C ± 2 , 140 rpm 1.5 0 
291. DB -20 ND PDA 280C ± 2 , 140 rpm 2.1 1.69 
292. 792 ND PDA 280C ± 2 , 140 rpm 1.6 0 
293. Soil 1-F1 ND PDA 280C ± 2 , 140 rpm 5 4.15 
294. 2535 ND PDA 280C ± 2 , 140 rpm 3 0 
295. 4576 ND PDA  280C ± 2 , 140 rpm 2.8 0 
296. 801 ND PDA 280C ± 2 , 140 rpm 3.5 4.2 
297. DB-19 ND PDA 280C ± 2 , 140 rpm 0.8 0.64 
298. BM 1339 ND PDA 280C ± 2 , 140 rpm 1.4 0 
299. BM 1321 ND PDA 280C ± 2 , 140 rpm 2 0.64 
300. BM 1326 ND PDA  280C ± 2 , 140 rpm 3.5 0 
301. BM 1334 ND PDA 280C ± 2 , 140 rpm 0 0 
302. S3 ND PDA 280C ± 2 , 140 rpm 2.5 0 
303. S1 ND PDA 280C ± 2 , 140 rpm 1.4 0 
304. 2614 ND PDA 280C ± 2 , 140 rpm 1 0 
305. BM 1388 ND PDA  280C ± 2 , 140 rpm 1.1 0 
306. BM 1333 ND PDA 280C ± 2 , 140 rpm 2 0 
307. BM 1336 ND PDA 280C ± 2 , 140 rpm 1.9 0 
308. BM 1322 ND PDA 280C ± 2 , 140 rpm 2 0 
309. BM 1330 ND PDA 280C ± 2 , 140 rpm 1.5 0 
310. BM 1320 ND PDA  280C ± 2 , 140 rpm 1.7 0 
311. BM 1323 ND PDA 280C ± 2 , 140 rpm 2.3 0 
312. BM 1341 ND PDA 280C ± 2 , 140 rpm 2.5 0 
313. BM 1328 ND PDA 280C ± 2 , 140 rpm 1.7 0.604 
314. BM 1332 ND PDA 280C ± 2 , 140 rpm 2.3 0 
315. BM 1331 ND PDA  280C ± 2 , 140 rpm 0 0 
316. BM 1338 ND PDA 280C ± 2 , 140 rpm 5 1.941 
317. BD 2 ND PDA 280C ± 2 , 140 rpm 5.5 4.8 
318. BD 8 ND PDA 280C ± 2 , 140 rpm 6.5 2 
319. BD 5 ND PDA  280C ± 2 , 140 rpm 3.2 0 
320. MTCC 787 ND PDA 280C ± 2 , 140 rpm 2.4 1.941 
321. MTCC 138 ND PDA 280C ± 2 , 140 rpm 2.1 0 
322. BD 12 ND PDA 280C ± 2 , 140 rpm 4.5 5.88 
323. BD 11 ND PDA 280C ± 2 , 140 rpm 3 4.81 
324. BD 16 ND PDA  280C ± 2 , 140 rpm 5.5 7.9 
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325. BD 3 ND PDA 280C ± 2 , 140 rpm 0 0 
326. DB 14 ND PDA 280C ± 2 , 140 rpm 0 0 
327. DB 13 ND PDA 280C ± 2 , 140 rpm 6 8.7 
328. BD 9 ND PDA 280C ± 2 , 140 rpm 4 0 
329. BD 18 ND PDA  280C ± 2 , 140 rpm 0 0 
330. BD1 ND PDA 280C ± 2 , 140 rpm 0 0 
331. BD 7 ND PDA 280C ± 2 , 140 rpm 3.5 2 
332. BD 6 ND PDA 280C ± 2 , 140 rpm 4 0 
333. Soil 2, F2 ND PDA 280C ± 2 , 140 rpm 4 3.9 
334. Soil 1, F4 ND PDA  280C ± 2 , 140 rpm 0 0 
335. P.lilacinum  Purpureocillium 
lilacinum 
PDA 280C ± 2 , 140 rpm 7 9.1 
336. Fusarium  ND PDA 280C ± 2 , 140 rpm 5.5 4.56 
337. Fusarium 
odum 
 PDA 280C ± 2 , 140 rpm 5.3 3.7 
338. Ganoderma ND PDA 280C ± 2 , 140 rpm 4.2 2.2 
339.  J(B) ND MMN 280C ± 2 , 140 rpm 2.1 3.5 
340 J (G) ND MMN 280C ± 2 , 140 rpm 3.4 6.5 
ND= Not defined 
3.2. Reduction potential assay 
Among these 80 cultures, 30 cultures showed percentage increases in total extracellular 
reduction potential. Increased absorbance at 700 nm of the reaction mixture indicated increase 
in reducing power. On this basis, the 30 best strains among 340 where selected for extracellular 
Au and Ag NPs biosynthesis. Substances, which have reduction potential, react with potassium 
ferricyanide (Fe3+) to form potassium ferrocyanide (Fe2+), which then reacts with ferric chloride 
to form ferric ferrous complexes that have an absorption maximum at 700 nm by UV vis 
spectrometry (UV 2450, Shimadzu, Japan). Increased reduction potential is calculated by using 
the formula below. Reduction potential of the 80 culture obtained is shown in Table 1 and 
Graph 1 [237-239].         
                                                                                          A test 
% increase in Reducing Power =                   - 1 X 100 
                                      A blank 
 
Where Atest is absorbance of test solution and Ablank is absorbance of blank             
 















3.3. Extracellular synthesis of Au and Ag NPs 
 
These 30 selected strains where checked for the extracellular synthesis of both Au and Ag NPs. 
Among these 30 strains, it was observed that not all the strains were synthesizing both 
nanoparticles. The first indication of NPs synthesis was color change of the filtrate, to dark 
purple for AuNPs and dark brown for AgNPs. These nanoparticles exhibit these colors due to 
the excitation of their surface plasmon resonance at different wavelength, with 540 nm and 420 
nm being the characteristics peak for plasmon bands of Au and Ag NPs, respectively. Different 
cultures showed gradual increases in intensity at 540 nm and 420 nm, confirming Au and Ag 
NPs synthesis. Out of the 30 selected strains only six strains DB 13 (1), BD 12, BD 11, BD 16,J 
(G) and P.lilacinum  exhibited synthesis of both Au and Ag NPs (Fig 2.2  a,b,c,d,e and f). 
Among these six cultures P.lilacinum  showed higher reduction potential and rapid Au and Ag 
NPs synthesis. Hence, P.lilacinum  was selected as the study organism for further condition 
optimization for Au and Ag NPs synthesis. One way ANOVA studies for the variance check of 
Au and Ag NPs synthesis rate among different cultures showed a significant difference in rate 











Fig. 2.2: Cultures showing extracellular synthesis of both Au and Ag NPs: (a) BD 12; (b) BD 11; 













Fig. 2.3: Intensity graph for AuNPs (A) and AgNPs (B) for (Purpureocillium lilacinum. sp, DB 13, 
BD 16, J (G), BD 12, BD 11). 
*Different albhabets indicate that differences between the cultures for NPs synthesis rates are 
significant (P < 0.05) 
 
3.4. Condition optimization for Au and Ag NPs synthesis  
Physiochemical conditions greatly control the growth and metabolism of fungi. Optimization 
of culture conditions is an important factor that directly affects the productivity of 
nanoparticles. On the basis of previous results it was clearly evident that P.lilacinum was the 
best cultures in terms of biomass produced in 7-10 days, extracellular reduction potential and 
the effective extracellular synthesis of both Au and Ag NPs, among the six cultures showing 
extracellular synthesis. Hence P.lilacinum  was selected for condition optimizations 
experiments. Growth conditions, such as reaction time, culture age are known to directly control 
























































3.4.1. Fungal growth kinetics study 
The HPLC peak area when checked for linearity with ergosterol standards, gave a correlation 
coefficient (R2) of 0.9936 (Fig 2.4A), which indicates good linearity. On the basis of a growth 
kinetics study (Fig. 2.4B), 3-days (7th-9th day shows exponential phase) old culture showed the 
highest concentration of ergosterol. To check the amount of biomass obtained the same culture 
was used for the biomass weighing studies. The amount of ergosterol present in the fungal cell 
wall is directly proportional to the age of the culture. As the fungal cells ages the amount of 
ergosterol decreases with the growth phases of the, indicating approach of fungal cells towards 
the decline phase of its life cycle [246-248]. 
 
Fig. 2.4: (A) Standard ergosterol graph; (B) Growth kinetics study of P.lilacinum by Ergosterol 
assay 
  
















































3.4. 2. Culture age effect on Au and Ag NPs synthesis 
Different fungal strains were reported to synthesize different extracellular metabolite and 
enzymes at different stages of their metabolism [249-251]. Fungal redox metabolites, reducing 
enzymes and oxalic acids, which probably play a role in NPs synthesis and stabilization, were 
reported to be present in extracellular fungal media at different fungi growth stages  [252-255]. 
In order to determine the best stage for synthesis, the selected fungal strain was grown in liquid 
submerged media conditions, as described in section (2.3.3), and each day the biomass obtained 
was used for cell filtrate preparation and Au and Ag NPs synthesis (section 2.3.3). Variation 
among the difference in biomass produed by different day aged fungal culture was measured 
by ANOVA. Significance difference among the growth phase, early log phase, log phase, lag 
phase and decline phase was very effectively shown. When NPs synthesis was compared with 
the growth stages of the fungal strain it was found that culture from early log phase to late log 
phase (7-10 days aged culture) were the most metabolically active cultures in terms of Au and 
Ag NPs synthesis.  From the ergosterol assay it was found that 7th-10th day cultures showed 
higher concentrations of ergosterol. Cell filtrate prepared by harvesting daily biomass was used 
for Au and Ag NPs synthesis and growth was monitored using UV-Vis spectrophotometry. It 
was observed that absorbance for the particles increased with the age of the culture. For 
absorbance studies those cell filtrate values closest to 1 or greater than 1 were forming clumps 
of particles and they were not stable. In our test experiment, it was observed that 10th day old 
culture started forming clumps of NPs and hence showing a greater absorbance value (Fig.2.6 
A and B). 
 
Fig. 2.5: Amount of biomass obtained during 18 days (432 hrs) of incubation at 280C ± 2 at 140 
rpm shaking condition 
*Different albhabets indicate differences between the obtained biomass by different aged cultures 
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Fig. 2.6: Different aged P.lilacinum checked for (A) AuNPs at 540 nm and (B) AgNPs at 420 nm. 
UV-Vis extinction spectra show optimum surface plasmon absorbance for stable NPs for 7-9 days 
old cultures. 
*Different albhabets indicate that differences between the cultures for NPs synthesis rates are 
significant (P < 0.05) 
 
3.4.3. Reaction Time/ Kinectics studies for Au and Ag NPs synthesis. 
To increase yields and obtain the NPs rapidly it was found that 7th day old culture, in the early 
log phase, of P.lilacinum had the highest ergosterol concentration, biomass production and Au 
and Ag NPs synthesis. We then investigated the minimum reaction time required for the 
conversion of metal ions into NPs. For this, 7 day old culture was used. On monitoring the 
reaction mixture of Au and Ag NPs with the cell filtrate it was observed that NPs formation 
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slowed and from 30-72 hrs no growth was observed. This indicates that within 30 hrs all the 
reducing agent involved in NP synthesis were utilized (Fig: 2.7 A and B).  
  
 
Fig. 2.7: UV – Vis scan of P.lilacinum cell filtrate for kinetics study of AuNPs (A) and AgNPs (B) 
with respect to time  
3.4.4. Effect of pH and salt concentration on extracellular synthesis of Au and Ag NPs 
Physiological variation in pH plays an important role in controlling the size and shape of 
biosynthesized Au and Ag NPs. pH in some cases acts as a size determining factor for the 
controlled synthesis of Au and Ag NPs. Alkaline pH favoured the synthesis of smaller AuNPs. 
At higher pH the process of reduction slows and hence the cohere force between particles is 


































































gradually increased. After absorbing onto the surface of synthesized AgNPs, nucleophilic OH- 
ions maintain the stability of AgNPs. At higher pH the number of available electrons increases 
and promotes the synthesis of smaller AgNPs [199]. At higher pH, the increased concentration 
of OH- ions results in more regions for nucleation, which prevents the agglomeration of AgNPs, 
resulting in smaller sizes [132]. Thus pH is an important factor which can influence the size, 
shape, surface charge and stability of synthesized Au and Ag NPs. With reference to the 
previous reports, we also tried to check the variation of pH on Au and Ag NPs by the 
P.lilacinum  cell filtrate and maintained it with sodium acetate buffer and phosphate buffer for 
variation in pH (Fig 8 a and b). Optimum synthesis was obtained at a pH range of 6 to 7 [256]. 
For AuNPs absorbance intensity was 0.54 and 0.60 (AU) and for AgNPs it was reported as 0.64 
and 0.75 (AU), respectively at pH 6 and 7. ANOVA analysis for pH dependent showed that for 
AuNPs at pH 3, pH 5 and pH 8 not much significant difference was observed, but for pH 4, pH 
6 and pH 7 significance difference was noted. In case of AgNPs pH 4 and pH 5 showed no 
significance difference but significant different ws observed in case of pH 3, pH 6, pH 7 and 
pH 8 mediated synthesis. (Fig 2.9 A and B) 
Similar studies were done on the P.lilacinum cell filtrate by varying the salt concentration. Like 
pH, metal ions concentration also plays an important role in NP synthesis [256]. Increase in the 
ratio between the metal ion and the reducing agent present in the solution effects the 
morphology of the NPs synthesized [257]. In our set of experiments progressive growth of the 
NPs was observed with an increasing concentration of metal ions. In both Au and Ag NPs 
maximum absorbance intensity at 540 nm and 420 nm, respectively, was observed at a 1 mM 
salt concentration (Fig: 2.10 A and B). ANOVA for the studies implied that for AuNPs at 
concentration 0.25 mM and 0.5 mM was less significantly different, but showed a significant 
variation at concentration 0.1 mM, 0.75 Mm and 1 Mm. For AgNPs 0.1 mM and 1 Mm were 
most significantly difference and 0.25 mM, 0.5 mM and 0. 75 mM showed almost similar 
AgNPs synthesis pattern. 
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Fig. 2.9: Effect of pH variation on the AuNPs (A) and AgNPs (B) by using P.lilacinum cell filtrate. 
UV-Vis extinction spectra show optimum surface plasmon absorbance for stable NPs at pH 6-7   
*Different albhabets indicate that differences for Au and Ag NPs synthesis rates at different pH 
are significant (P < 0.05) 
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Fig. 2.10: Effect of metal ions concentration on the AuNPs (A) and AgNPs (B) by using P.lilacinum 
cell filtrate. UV-Vis extinction spectra show maximum surface plasmon absorbance at 0.1 mM. 
*Different albhabets indicate that differences for Au and Ag NPs synthesis rates by different salt 
concentration are significant (P < 0.05) 
4. Conclusion  
An effective method for the selection of fungal strains with capacity to synthesize both Au and 
Ag NPs has been developed. To the best of our knowledge, this is the first report were a 
selection methodology for extracellular NPs has been established, applying a mechanistic 
knowledge of the reducing environment. In this study we have screened 340 fungal strains and 
selected one exhibiting the highest reduction potential amongst all the test strains.  P.lilacinum 
was reported to synthesize both Au and Ag NPs by using a biomass free cell filtrate and this 
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high extracellular reducing agent content which stays active for Au and Ag NPs synthesis over 
a wide pH range with different salt ion concentrations. We showed that 7 day old culture (early 
log phase) was the most active in terms of metabolism as well as for Au and Ag NPs synthesis. 
The extracellular reducing agents of P.lilacinum sp were most actively synthesizing NPs when 
the cell filtrate was maintained between pH 6 and 7, with a 1 mM working salt concentration. 
The results described in this study will be useful for screening for new active microorganism 
with high reduction potential. These high reducing strains can be used for extracellular 
synthesis of different type of nanoparticles. The synthesis of Au and Ag NPs using a cell free 
extract of P.lilacinum sp appears to be a simple and cost effective method.  This approach may 
be useful for developing a biotechnological process for large-scale production of small Au and 
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1. Introduction  
In order to have biocompatible biosynthesized metal nanoparticles (MNPs), it is important to 
establish the mechanism of synthesis. A range of diverse microorganisms have been explored 
for the biosynthesis of MNPs [177]. Yeast, bacteria and fungi have exhibited internal or external 
production of reducing agents in the form of secondary metabolites or proteins. These reducing 
agents helps the microbes to withstand the metal stress. Some microbes secrete exogenous 
compounds as a defence against metal stress and in response convert the metallic ions into 
MNPs. This ability of microbes to tolerate high metal ion concentration opens up a new  arena 
for scientists to use these microbes as eco-friendly nanofactories for the biological synthesis of 
MNPs [177, 258]. 
While exploring this property, fungi have been shown as potent candidates for nanoparticle 
biosynthesis. The soil fungi P.lilacinum (previously known as Paecilomyces lilacinus), 
which is used as a biocontrol agent with nematocidal property, showed effective 
biosynthesis of AgNPs [259]. P.lilacinum was also reported as an effective 
microorganism for detoxification of Chromium contaminations by biosoprtion and 
reduction of chromium salts [260].  Lead resistance, biosoprtion and accumulation on 
the surface of P.lilacinum was also reported as an effective method for removal of lead from 
lead polluted areas [261]. P.lilacinum strain isolated from soil was tolerant to Fe and removed 
90% of Fe from the test sample by biosorption and accumulation [262]. Acidophillic 
P.lilacinum was also reported to play a role in the biomineriliza tion of hydronium-
jarosite (an iron sulfate mineral) on the banks of Rio Tinto  [263]. P.lilacinum had a very 
high metal tolerance against many different heavy metals [262]. There is some prior literatures 
available for P.lilacinum mediated MNPs synthesis [259]. This fungi has being reported 
for its biosorption capacity and metal accumulation property which gives an inference 
for the presence of biomolecules with metal binding or reducing property  [262, 263]. 
On the basis of prior literature and our selection experiments, we selected P.lilacinum 
for studying controlled Au and Ag NPs synthesis.  
The aim of this study was to characterize the potent fungal strain with high extracellular 
reduction potential and to characterize the MNPs synthesized by this strain. The amount of 
metal salts being converted into MNPs were quantified using AAS. UV spectroscopy, TEM, 
DLS, FTIR and EDX analysis were used to confirm the synthesis of NPs, morphology of NPs, 
nature of NPs synthesized and identify some of the biomolecules responsible in synthesis of 
NPs. For morphological identification of the selected isolate, (SEM) and Phase contrast 
microscopy techniques were used. 
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2. Materials and methods 
2.1. Chemicals used 
All chemicals used in this study were purchased from Fischer Scientific (Mumbai, India) and 
were of analytical grade. AAS standards for gold and silver were from Sigma Aldrich India. 
Potato dextrose agar were procured from HiMedia (Mumbai, India) and were sterilized by 
autoclaving at 1200C for 15min at 15psi before use. 
2.2. Characterization of fungi 
2.2.1. Culture collection and genome information 
The fungal strain selected on the basis of its reduction potential ability, and ability to synthesis 
crystalline extracellular Au and Ag NPs was a known strain, Purpureocillium lilacinum,  
which was previously named P.lilacinum liacinus, belonging to the order  Hypocreale 
[264]. Confirmatory identification was done on the basis of whole genome sequence 
(https://submit.ncbi.nlm.nih.gov/subs/wgs/ under Bioproject number PRJNA284314) [265] 
and their micro morphological features captured by SEM. The fungal isolates were preserved 
using 50% glycerol in sterile Milli Q and stored at -800C.  
2.2.2. Microscopic characterization 
Aerial mycelia from the 7 days grown PDA plates incubated at 280C ± 2, were scraped carefully 
without taking the media by using a surgical needle. Mycelia was transferred to the microscopic 
slide on a drop of sterile water, well fragmented with the help of the needle and a drop of 
lactophenol blue (dye) was added to stain the mycelia and spores. After mixing with the dye, a 
cover was put over it, carefully avoiding any air bubbles. The sample was then bserved under 
the Phase contrast microscope (Olympus) for morphological structures. 
2.2.3 Scanning electron microscopy (SEM) 
Morphological features of the selected fungal isolate was observed through SEM (Carl Zeiss, 
Oberkochen, Germany). The fungal isolate was subcultured on PDA and incubated at 280C ± 2 
for 7 days. While growing on petri dish, a sterilized cover slip was inserted into the media and 
fungal mycelia was allowed to run over it. The cover slips were taken and immersed in fixative 
solution (i.e Modified Karnovsky’s fixative 2.5% glutaraldehyde- 2.5% paraformaldehyde, 
0.05M cacodilate buffer, 0.001M CaCl2) at pH 7.2. Cacodilate buffer was then used to wash 
the discs (thrice for 10mins each), followed by post-fixation in 1% osmium tetraoxide solution 
and water for 1hr [266].  The sample was then washed with sterile distilled water three times 
and subjected to dehydration in acetone (25%, 50%, 75%, 90% and 100%) for 10min each 
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followed by critical point drying (CPD) (Emitech K850, Berkshire, U.K.). The sample was 
assembled on double-sided carbon tape placed on aluminium stubs. The sample was then coated 
with gold-palladium in a sputter coater (Quorum Technologies SC7620, Berkshire, U.K.) and 
viewed in SEM at an accelerating voltage of 10kV. 
2.3. Percentage conversion of metal salts into Au and Ag NPs  
The conversion of metal salts into MNPs was determined directly analyzed by Flame Atomic 
Absorption Spectroscopy (FAAS analysis) using an Atomic Absorption Spectrometer, Thermo, 
iCE 3500. AAS was used to measure the remaining metal ion concentration in the supernatant 
after removal of the biosynthesized Au and Ag NPs after 48 hrs. Briefly, 5 ml of the cell filtrate 
was centrifuged at 14000 rpm for 45 mins to obtain Au and Ag NPs free cell filtrate by using 
centrifugation (18 R velocity Dynamica, UK). Au and Ag NPs free supernatant was taken 
directly for AAS analysis to find the remaining Au and Ag ions in the supernatant [267]. The 
calculation for the percentage conversion of metal ions in Au and Ag NPs to remaining metal 
ions from the reference was calculated by using the formula. 
 
2.3.1. Instrument working details 
Apparatus Flame atomic absorption spectrometer model, Thermo iCe 3500 was used for the 
present study. The conditions used for gold quantification has a wavelength of 242.8 nm, lamp 
current 10 milli ampere, slit width 100 nm, acetylene pressure 0.9 L/min and 0.5 nm band pass. 
2.3.2. Calibration Curve of Gold and Silver  
Gold and silver calibration curve was prepared by preparing 1000 ppm concentration of Au and 
Ag standard in a Milli Q in volumetric flask. Calibration standards each 100 ml were prepared 
from this stock solution of 10ppm, 20 ppm, 30 ppm, 40 ppm, 50 ppm, 60 ppm, 70 ppm, 80 ppm, 
90 ppm and 100 ppm in volumetric flask for FAAS measurements. For different concentrations 
of samples, Beer’s law was obeyed from 10 ppm till 100 ppm [268] .  
2.4. Characterization of biosynthesized Au and Ag NPs  
2.4.1 Characterization of Au and Ag NPs by UV- Vis spectrophotometer  
Detection of Au and Ag NPs was primarily carried out by visual observation of color change 





and dark brown colors for fungal cell filtrate indicates the formation of Au and Ag NPs, 
respectively. Further, Au and Ag NPs were characterized with the help of dual beam UV-
Visible spectrophotometer (UV 2450, Shimadzu, Japan) by scanning the absorbance spectra in 
200–800 nm range of wavelength [223, 236].  
2.4.2 Characterization of Au and Ag NPs by DLS 
The size distribution and zeta potential of Au and Ag NPs was analyzed by dynamic light 
scattering (DLS), measurements conducted with a Malvern Zetasizer Nanoseries compact 
scattering spectrometer (Malvern InstrumentsLtd, Malvern, UK). Data obtained were analysed 
using Zetasizer software.  
2.4.3 Characterization of Au and Ag NPs by Transmission Electron Microscopy 
To understand the morphology of Au and Ag NPs synthesized by applying all optimized 
conditions the transmission electron microscopic analysis was performed. Briefly, for TEM 
measurements, a drop of solution containing synthesized Au and Ag NPs was placed on the 
carbon coated copper grids and kept in infrared light until sample gets dried before loading 
them onto a specimen holder. TEM micrographs were taken by analyzing the prepared grids on 
FEI, Technai 20 G2, and 200 KV super twin’s TEM instrument operating at 200 kV (0.23 nm 
resolution). The crystalline nature of metallic Au and Ag NPs was confirmed by selected area 
diffraction pattern (SAED). 
2.4.4 Elemental analysis of Au and Ag NPs 
For energy dispersive spectroscopy (EDS), samples were prepared on a copper substrate by 
drop coating of Au and Ag NPs. Elemental analysis on single particles was carried out using 
Thermo Noran EDS attachment equipped with TEM. 
3. Results and discussion: 
3.1. Fungal characterization 
3.1.1. Morphological characterization of fungal isolate through microscopy 
Septate mycelium was observed. Culture appear as crinkled white mat like structures. The 
colonies appear with sectioned flocosse white mycelia. Conidospores were branched or straight 
with different length of linearly arranged smooth conidia. The shape of the conidospores were 
cylindrical, like phialides and having a tapering end towards the apex of the spores. Conidia 
were plentiful and easily liberated from the ends of the phialides (Fig: 3.1 A,B,C).[269] 
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3.1.2. Morphological characterization through SEM  
Preliminary identification of fungal isolates was carried out on the basis of its morphological 
characteristics which were similar to those described by Khan etal and Bridge etal. P.lilacinum 
showed initially white but gradually changed to light pink velvety mat on PDA plates at 28±20 
C (Fig: 3.2) [270]. SEM of test P.lilacinum showed similarities with the reference images of 
P.lilacinum SEM images [271, 272]. Similarities like short conidiophore, catenate conidia and 
solitary phialide producing catenate conidia where observed in the test P.lilacinum confirming 
its taxonomy as P.lilacinum (Fig: 3.2 and Fig: 3.3). 
A B C 
   
 
Fig. 3.1: (A) Colony morphology of P.lilacinum after 7 days growth on PDA plates incubated at 









Fig. 3.2: (A, B, C and D) SEM images showing structural morphology of fungal mycelia and 




 Fig. 3.3: (A and B) refrence P.lilacinum SEM images showing similarities like short conidiophore, 
catenate conidia and solitary phialide producing catenate conidia [271, 272] 
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3.2. Percentage conversion  
One mM of AuCl4 solution was found to have a concentration of 30 ppm of gold ions and 1mM 
of silver nitrate was found to have 16 ppm of silver ions in it. These results were obtained when 
the comparison was done with the standard calibration curve of gold and silver plotted by the 
values obtained. For Au salts a standard curve showed a correlation coefficient value (R2) 
0.9835 and for Ag salts it was 0.985, which indicates good linearity (Fig: 3. 4 A and B). 
Conversion of metal ions into Au and Ag NPs increased with time initially and reached a 
stationary phase after 30 hrs. There was an increase in conversion efficiency with time, from 6 
hrs to 48 hrs (maximum at 48 hrs), growth of Au and Ag NPs showed a significance variation 
among the converstion rate between after the different time intervals (less than 0.05%)  (Fig 
3.5 A and B). 
After 6 hrs, 23 hrs, 30 hrs and 48 hrs of reaction of metal salts with the cell filtrate, Au and Ag 
NPs were separated by centrifugation and checked for the remaining ion concentrations. For 
Au ions it was found that 5 ppm was remaining in the supernatant, which indicates almost 85.29 
% conversion of Au ions into the AuNPs. For Ag ions it was found that about 40 ppm was 
remaining in the supernatant, indicating almost 52.09 % conversion of Ag ions into Ag NPs 




Fig. 3.4: (A) Standard Graph for Gold solution (B) Standard Graph for Silver solution 
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Fig. 3.5: (A) Percentage conversion of Auro Chloric acid 1 mM salt to AuNPs (B) Percentage 
conversion of 1 mM Silver nitrate salt to AgNPs 
 
3.3. Au and Ag NPs Characterization  
3.3.1 UV- Vis Spectrophotometer 
Biosynthesized Au and Ag NPs were primarily characterized using UV spectroscopy. The UV-
visible spectra at different time intervals, were recorded with increase in intensity with 
progressing time of incubation, for absorbance at 540-560 nm for Au NPs and 410-430 nm for 
Ag NPs. The following figures illustrate the absorbance spectra of reaction mixtures containing 
aqueous solution of 1mM Auro Chloric acid and 1mM silver nitrate. It is well known that for 
nanoparticles, only one plasma band is obtained for Au NPs at 540-560 nm and for Ag NPs it 
is at 420-440 nm. The increases in intensity is an indication of the reaction advancing, with 





































































Fig. 3.6: UV – Vis scan of P.lilacinum cell filtrate for kinetics study of AuNPs (A) and AgNPs (B) 
with respect to time. 
 
3.3.2 Characterization of Au and Ag NPs by DLS  
Zeta particle size analysis of Au and Ag NPs was carried out to determine the particle size 
distribution of the synthesized particles. Size and dispersion of the nanoparticles are important 
characteristics for the synthesized samples. Dynamic light scattering measures the scattering 
intensity based on Rayleigh scattering. Scattered light was collected at an angle of 90o by a 
photon counting photomultiplier tube, which was then directed to a correlator to derive particle 
size from the correlator function. Results are expressed as the Z-average mean, which is the 



































































with an additional polydispersity index, which gives further information about the homogeneity 
of nanoparticles synthesis. Particle size distributions of Au and Ag NPs are depicted in Fig 3.6 
A and B, respectively. Sizes of nanoparticles were found to be in a narrow range, for both Au 
and Ag NPs. Average particle size of AuNPs was found to be 25-50 nm, while that of AgNPs 
was around 40-60 nm. Zeta potential of nanoparticles were -14.4 for AuNPs and -8.8 for 
AgNPs. Zeta potential results indicate that the biosynthesized Au and Ag NPs have a covering 
of negatively charged proteins or biomolecules. This negative charge on the nanoparticles is 
consistent with existing reports where biosynthesized nanoparticles were reported to have 
negative charge. It was also reported the more negative the zeta potential value, the more stable 













3.3.3 Characterization of Au and Ag NPs by Transmission Electron Microscopy 
The morphology of gold and silver nanoparticles was examined using TEM. TEM analysis of 
AuNPs showed mixed populations of nanoparticles with nanoparticles of varied shapes and 
sizes, like spherical, hexagonal, triangular, truncated triangular and rods (Fig: 3.9 A and B). 
TEM micrograph analysis of AgNPs showed mostly oval shaped and spherical shaped 
nanoparticles (Fig: 3.9 A and B). High resolution transmission electron microscopic (HRTEM) 
analysis showed very prominent fringes, confirming the crystalline structure of particles (Fig: 
3.9 C and 3.10 C). In addition, the crystalline nature of Au and Ag NPs was confirmed by TEM, 
using an area electron diffraction (SAED) attachment. The SAED patterns (Fig: 3.9 D and Fig 
3.10 D) from the samples revealed well-defined diffraction spots in the form of rings, which 
indicate the polycrystalline nature of the Au and Ag NPs. EDS spectra of drop coated film of 
Au and Ag NPs are shown in (Fig: 3.9 E and Fig 3.10 E).The presence of an optical absorption 
band at 3 eV reveals the presence of pure metallic Au and Ag NPs. The spectrum for AuNPs 
shows mainly Au and only minor amount of other elements like Cu. These copper peaks are of 
TEM grids that are used for sample preparation. In a similar way, the spectra for AgNPs showed 
mainly Ag and only minor amount of Cu and Si, where Cu peaks were from grids and Si peaks 












Fig. 3.9:  TEM micrographs and their respective EDX spectra of biosynthesized AuNPs 










Fig. 3.10: TEM micrographs and their respective EDX spectra of biosynthesized AuNPs 
indicating the presence of Au in the nanoparticles synthesized by P. lilacinum 
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4. Conclusion  
The selected strain was identified as P.lilacinum, which was previously reported as a well-
known biocontrol agent.  This strain was shown to synthesis extracellular Au and Ag NPs. The 
cell filtrate of this strain gave a conversion rate of 85.29 and 52.09 % for the gold and silver 
ions into their respective nanoparticles. The P.lilacinum mediated Au and Ag NPs resulted in 
the formation of 25-50 nm Au NPs and 40-60 nm Ag NPs, as evident from DLS analysis. The 
synthesized particles were highly crystalline in nature, as shown by the diffraction patterns from 
the TEM analysis. The stability from zeta potential for Au and Ag NPs was -14.4 and -8.8, 
respectively, which indicates stable particles with a capping of negatively charged 
biomolecules.  
On the basis of this study, P.lilacinum can be considered a potent agent for the synthesis of 
crystalline, polydisperse Au and Ag NPs. Synthesized AuNPs showed a varied morphology 
with spherical, hexagonal, triangle and rod shaped. AgNPs showed the presence of distorted 
spherical shapes with size variations. Hence, this nematocidal soil fungus can be a future source 
























































Controlled biosynthesis in terms of shape and size for nanoparticles is a major challenge for 
nanobiotechnologists. Polymer matrices are used in biomimetic approaches to nanoparticle 
synthesis, yielding highly controlled particle shape and size [273, 274]. Pure proteins like milk 
casein had been reported as a reducing and stabilisation agent for stable Ag NPs synthesis [275]. 
Enzymes like serrapeptase have also been found to be active in Au NPs synthesis, where they 
act as both reducing and stabilizing agents [276]. Ag NPs were formed in protein matrices with 
collagen and BSA in combination with PVA, with nanoparticle shape dependent on the 
concentration of proteins in the matrix [277]. Alcohol oxidases facilitated the synthesis of Au 
NPs in alkaline conditions, as confirmed by advanced analytical and spectroscopic techniques 
[278]. The synthesis of 10-25 nm Ag NPs occurred in the presence of α-NADPH-dependent 
nitrate reductase and phytochelatin, where nitrate reductase was responsible for the reduction 
of the silver ions and resulted to the formation of a stable silver hydrosol [279]. Tyrosine rich 
peptides were reported to control the synthesis of nanoparticles used as biomarkers in some 
immunoassays [280]. Most of the reported protein mediated Au and Ag NPs synthesis involves 
proteins broadly from the oxidoreductases family. Approaches involving pure protein mediated 
Au and Ag NPs use commercially available or isolated pure proteins [278,280,281]. Protein 
purification and peptide synthesis are expensive processes and costly for the bulk production 
of MNPs. To develop a cost effective strategy in terms of controlled synthesis for Au and Ag 
NPs, the use of a combination of different proteins already present in the cell filtrate is 
important. To explore the use of such a combination of proteins to control the synthesis of Au 
and Ag NPs was the driver for the study. 
The aim of this study was to control the size and shape of Au and Ag NPs using different protein 
fractions separated on the basis of molecular weight. A fungal strain P.lilacinum shown to 
produce NMPs was selected and the protein fraction studies. The difference between the 
synthesized Au and Ag NPs by the crude protein and fractionated protein on the basis of size 
and morphology was investigated. UV spectroscopy, TEM, DLS, FTIR and EDX analysis were 
used to confirm the synthesis of NPs, morphology of NPs, nature of NPs synthesized and 
identity of the proteins responsible for the synthesis of Au and Ag NPs. Identification of the 
major proteins present in the effective protein fraction responsible for controlled synthesis of 
Au and Ag NPs was carried out using SDS PAGE, LC-MS and QTOF.   
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2. Materials and methods 
2.1. Chemicals used 
All chemicals used in this study were purchased from Fischer Scientific (Mumbai, India) and 
were of analytical grade. All SDS chemicals were from Sigma Aldrich India. Potato dextrose 
agar were procured from HiMedia (Mumbai, India) and was sterilized by autoclaving at 1200C 
for 15min at 15psi before use. 
2.2. Preparation of biomass free cell filtrate  
P.lilacinum were maintained on PDA plates and MMN plates at 280C with regular sub-
culturing on fresh media plates. The stock culture (7-10 days old) was inoculated in 100 ml of 
PDB and MMN (media composition, pH 5.6) depending upon media requirement for the culture 
in 250 ml Erlenmeyer flasks for biomass production. Flasks were incubated at 280 C for 7-10 
days on a rotary shaker (140 rpm) depending upon culture requirement. Fungal mycelium were 
separated from the culture medium by centrifugation (12000 rpm, 10 min, and 40C) and washed 
thrice with deionised Milli Q water. The obtained fresh biomass (fresh weight) was resuspended 
in 100 ml of sterile deionised Milli Q water and further incubated for 48 hrs in 250 ml 
Erlenmeyer flasks and incubated under the same shaking conditions as mentioned earlier. After 
incubation, the biomass was separated by filtration using 300 micron sieves to yield the cell-
free filtrate.  
2.3. Protein fraction concentration and SDS analysis 
The extracellular protein concentration was low in the cell filtrate prepared for Au and Ag NPs 
synthesis.  Before separating the proteins using SDS gel the cell filtrate was concentrated using 
a range of methods.  
1. Lyophilisation 
Obtained biomass free cell filtrate was concentrated 100 times, where 1000 ml of cell filtrate 
was concentrated to 10 ml by lyophilisation [282]. 
2. Acetone precipitation 
Acetone in a -20°C freezer was kept overnight. A solution of acetone/water (4:1) was prepared 
and kept at -20°C. Chilled acetone kept overnight was added in 4 volumes to the total cell 
filtrate to be used (1 ltr). The mixture was vortexed and mixed well and again kept overnight at 
-20°C. Next day the cell filtrate was centrifuged at 13,000rpm for 10 minutes at 0-4°. The 
supernatant was discarded and the pellet was washed three times with -20°C acetone/water 
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(4:1). During each washing the pellet was well broken up. For each washing step, the sample 
was centrifuged at 13,000 rpm 0-4° for 10 minutes. The supernatant was discarded each time. 
Pellets were dried for 10-15 minutes to remove acetone and stored at -800C. The next day the 
pellets were resuspended in 2ml of PBS buffer and broken and dissolved by sonication [283].  
3. TCA and Acetone precipitation 
Cell filtrate precipitated overnight with chilled acetone containing 13.3% TCA and 0.2% DTT 
at -20oC. The next day the cell filtrate were centrifuged at 15000 rpm and the obtained pellet 
was washed 2 times with chilled acetone containing 0.2% DTT and allowed to dry and then 
frozen at -80oC. The next day the pellet was resuspended in 2ml of PBS buffer and dissolved 
with sonication. Both pellet and supernatant were loaded separately onto SDS gel [284, 285].  
2.4. Size separation of protein fractions and quantification of protein 
Merck Millipore Amicon cut off filters were used to separate the crude cell filtrate into different 
fractions on the basis of their molecular mass. 100 kDa, 50 kDa, 30 kDa, 10 kDa and 3 kDa 
filters were used. Briefly, 1000 ml of cell filtrate was passed through the filters in sequential 
order from the highest (100 kDa) to the lowest (3 kDa). 5 ml of concentrate was collected from 
each filer and this was passed through the next filter [286]. Protein was quantified in each 
fraction using the Bradford assay. Briefly BSA standards with concentration of 1mg /ml to 0.1 
mg/ml were prepared for plotting the standard graph. For the Bradford assay, 200 µl of Bradford 
reagent added to 10 µl of samples and incubated for 15 mins at room temperature in 96 well 
microtiter plate reader and UV reading taken at 595 nm for quantification of proteins in the 
samples [287].  
2.5. Au and Ag NPs synthesis by fractions  
Cell filtrate concentrate from each cut-off filter was obtained and in 1ml of protein concentrate 
10 µl of 10 mM stock of HAuCl4 and AgNO3 was added to maintain a working concentration 
of 1mM and this was stirred at room temperature at 300 rpm for 1 hr in the dark for protein 
mediated Au and Ag NPs synthesis. 
2.6. Characterization of Au and Ag NPs synthesized by fractions 
2.6.1. Characterization of Au and Ag NPs by UV- Vis spectrophotometer  
Detection of Au and Ag NPs was primarily carried out by visual observation of color change 
of the fungal filtrate after treatment with gold chloride and silver nitrate. The appearance of 
purple and dark brown colors for fungal cell filtrate indicated the formation of Au and Ag NPs, 
respectively. Au and Ag NPs formation was identified using a dual beam UV-Visible 
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spectrophotometer (UV 2450, Shimadzu, Japan) and scanning the absorbance spectra over the 
200–800 nm wavelength range [223, 236].  
2.6.2 Characterization of Au and Ag NPs by DLS 
The size distribution and zeta potential of Au and Ag NPs was analysed by dynamic light 
scattering (DLS), measurements conducted with a Malvern Zetasizer Nanoseries compact 
scattering spectrometer (Malvern Instruments Ltd, Malvern, UK). Data obtained were analysed 
using Zetasizer software.  
2.6.3 Characterization of Au and Ag NPs by Transmission Electron Microscopy 
To investigate the morphology of Au and Ag NPs transmission electron microscopic analysis 
was performed. Briefly, for TEM measurements, a drop of solution containing synthesized Au 
and Ag NPs was placed on the carbon coated copper grids and kept in infrared light until dry 
before loading them onto a specimen holder. TEM micrographs were taken by analysing the 
prepared grids on FEI, Technai 20 G2, and 200 KV super twin’s TEM instrument operating at 
200 kV (0.23 nm resolution). 
2.6.4 Elemental analysis of Au and Ag NPs 
For energy dispersive spectroscopy (EDS), samples were prepared on a copper substrate by 
drop coating of Au and Ag NPs. Elemental analysis on single particles was carried out using 
Thermo Noran EDS attachment equipped with TEM. 
2.6.5 Characterization of Au and Ag NPs by FTIR 
FTIR analysis of the dried powder of Au and Ag NPs were carried out by scanning the spectrum 
in the range 400–4,000 cm−1 at a resolution of 4 cm−1 (PerkinElmer 1600 instrument, USA). To 
prepare dried powder of Au and Ag NPs and to remove other biomolecules present in broth, 
the ECF with Au and Ag NPs was centrifuged at 15000 rpm for 45 minutes. The supernatants 
were discarded, and pellets of Au and Ag NPs were washed three times with autoclaved Milli 
Q water and dried powder of ECF mediated Au and Ag NPs was obtained by lyophilisation. 
The dried powder of Au and Ag NPs were subjected to KBR pellet formation for FTIR analysis 





2.7 Identification of major proteins responsible for controlled Au and Ag NPs synthesis 
by LC-MS 
Sample preparation for LC-MS 
1. SDS PAGE 
100 KDa protein fractions within 12 hrs of separation from the crude mixture were subjected 
to SDS PAGE protein separation. The gels were stained using sliver stain as the protein 
concentration present in the fractions were low. The pieces from the gels were subjected to 
digestion and extraction for LC-MS/MS protein identification.  
2. Proteomic Sample Preparation In-Gel Digestion 
The gel pieces were subjected to trypsin digestion and peptide extraction. 100g of the sample 
was taken for digestion. The volume was made up to 100ul with the buffer. The sample was 
treated with 100mM DTT at 56oC for 1hr followed by 250mM IDA at room temperature in 
dark for 45min. The sample was then digested with Trypsin and incubated overnight at 37˚C. 
The resulting sample was vacuum dried and dissolved in 10ul of 0.1% formic acid in water. 
3. LC-MS 
After centrifugation at 10000g the supernatant was injected onto a C18 Nano-LC column for 
separation of peptides, followed by analysis on a Waters Synapt G2 Q-TOF instrument for MS 
and MSMS. The raw data was processed by MassLynx 4.1 WATERS. The individual peptides 
MSMS spectra were matched to the database sequence for protein identification on PLGS 
software, WATERS.  
3. Results and discussion 
3.1 Protein concentration 
Extracellular cell filtrate (ECF) obtained from P.lilacinum as described in section 2.2 of 
this chapter was subjected to different protein concentration techniques before 
quantification using the Bradfords assay.  
For concentration of ECF, three techniques were used  
1. Lyophilisation 
2. Acetone precipitation 
3. TCA-Acetone precipitation 
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The concentrates obtained were directly loaded onto 10% SDS gel for protein separation. TCA 
Acetone precipitated resulted in the most observable gel bands, with fainter bands observed 
from lyophilized fractions, but no significance bands from acetone precipitated fractions 
(Figure 4.1). 




Fig. 4.1: (A) ECF precipitated by TCA acetone precipitation (B) ECF precipitated by lyophilisation 
 
 
3.2 Separation of protein fractions by and protein quantification 
ECF obtained from P.lilacinum was fractioned on the basis of molecular weight by 
using molecular weight cutoff amicon filters and then prot ein quantified in each 
fraction using the bradfords assay, before LC-MSMS analysis. The concentration of 
protein present in each fraction was obtained by comparing their values with a 
standard graph of BSA. Stock solution of 1mg/ml of BSA in water was prep ared and 
diluted up to 0.1 mg/ml for the standard curve, which gave  a correlation coefficient (R2) 
of 0.9912 Fig (4.2 A), indicating good linearity. The first fraction passed from 100 kDa amicon 
filter showed a concentration of nearly 200 µg (0.2 mg/ml) Fig (4.2 B), which is about 5 times 
as concentrated as the crude ECF (20 µg/ml). The composition of this fraction was examined 





Fig. 4.2: (A) Standard curve for BSA (B) protein concentration estimation by bradford’s assay 
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3.3 Characterization of Au and Ag NPs synthesized by different protein fractions 
3.3.1 UV- Vis Spectrophotometer 
Au and Ag NPs formation was initially identified using UV spectroscopy. The UV-visible 
spectral intensity increased over time for absorbance at 540-560 nm for Au NPs and 410-430 
nm for Ag NPs in reaction mixtures containing aqueous solution of 1mM Auro Chloric acid 
and 1mM silver nitrate. The 100 kDa fractions synthesized comparable Au and Ag NPs to those 
produced by crude ECF. For the 100 kDa mediated synthesis only one sharp plasma band was 
obtained for Au NPs at 540-560 nm.  For Ag NPs the 10, 30 and 50 kDa fractions showed a 
higher peak intensity at 420-440 nm, consistent with accumulated NPs. Visual photographs and 
DLS were used to confirm nanoparticle formation. No nanoparticle synthesis was observed in 




Fig. 4.4: UV – Vis scan of P.lilacinum cell filtrate obtained different protein fractions for 
































































Fig. 4.5: Optical photographs of of AuNPs (A) and AgNPs (B) synthesized by cell filtrate obtained 
different protein fractions for kinetics study with respect to time 
 
 
3.3.2 Characterization of Au and Ag NPs by DLS  
Zeta particle size analysis of Au and Ag NPs was carried out to determine the particle size 
distribution of the particles synthesized using different protein fractions. Scattered light was 
collected at an angle of 90o by a photon counting photomultiplier tube, which was then directed 
to a correlator to derive particle size from the correlator function. Results are expressed as the 
Z-average mean, which is the harmonic intensity averaged particle diameter. The results are 
given in average mean diameters with an additional polydispersity index, which gives further 
information about the homogeneity of nanoparticles synthesis. Particle size distributions of Au 
and AgNPs by each fractions are depicted in Fig 6 (I to V) A and B, respectively. AuNPs 
synthesized by the initial extracts were in the range of 60-90 nm and AgNPs were in the range 
of 30-50 nm, with zeta potential -25.2.6 and -18.2, respectively. The sizes of nanoparticles 
synthesized by the 100 kDa fraction were 25-50 nm for AuNPs and 35-50 nm for AgNPs. Zeta 
potential of nanoparticles were -21.2 for AuNPs and -16.4 for AgNPs. For 50 kDa fractions 
AuNPs synthesized where in the range of 100-125 nm and AgNPs were in the range of 130-
145 nm, with zeta potential -12.2 and -8.84, respectively. For 30 kDa fractions AuNPs 
synthesized where in the range of 90-100 nm and AgNPs were in the range of 130-170 nm, 
with zeta potential -10.6 and -3.71, respectively. Zeta potential results indicate that the 
biosynthesized Au and Ag NPs have a covering of negatively charged proteins or biomolecules. 
This negative charge on the nanoparticles is consistent with existing reports where 
biosynthesized nanoparticles were reported to have negative charge. It was also reported that 
the more negative the zeta potential value, the more stable the biosynthesized Au and Ag NPs 
(Fig 4.6 I to V). 
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Fig. 4.6 (II): (A) Zeta particles size for AuNPs by 100 kDa fraction (B) Zeta particles size for 
AgNPs by 100 kDa fraction 
A B 
  
Fig. 4.46 (III): (A) Zeta particles size for AuNPs by 50 kDa fraction (B) Zeta particles size for 
AgNPs by 50 kDa fraction 
A B 
  
Fig. 4.6 (IV): (A) Zeta particles size for AuNPs by 30 kDa fraction (B) Zeta particles size for 







Fig. 4.6 (V): (A) Zeta particles size for AuNPs by 10 kDa fraction (B) Zeta particles size for 
AgNPs by 10 kDa fraction 
 
 
3.3.3 Characterization of Au and Ag NPs by Transmission Electron Microscopy 
The morphology of Au and Ag NPs was examined using TEM. TEM analysis of AuNPs from 
ECF mediated synthesis showed mixed populations of nanoparticles with nanoparticles of 
varied shapes and sizes, like spherical, hexagonal, triangular, truncated triangular and rods (Fig: 
4.7 A and B). TEM micrograph analysis of AgNPs synthesized by using crude ECF, showed 
mostly oval shaped and spherical shaped nanoparticles (Fig: 4.8 A and B). TEM analysis of 
100 kDa mediated AuNPs from ECF showed uniformly dispersed spherical particles (Fig: 4.9 
A and B). TEM micrograph analysis of AgNPs synthesized by using 100 kDa fraction separated 
from ECF showed mostly oval shaped and spherical shaped AgNPs (Fig: 4.10 A and B). TEM 
analysis of 50 kDa, 30 kDa and 10 kDa mediated AuNPs from ECF, showed mixed and poly 
dispersed larger hexagonal, triangular and spherical particles (Fig: 4.11 A, B; Fig: 4.13 A, B 
and Fig: 4.15 A, B respectively). TEM micrograph analysis of AgNPs synthesized by using 50 
kDa, 30 kDa, 10 kDa fraction separated from ECF, showed mostly irregular, oval shaped and 
spherical shaped AgNPs (Fig: 4.12 A, B; Fig: 4.14 A, B and Fig: 4.16 A, B). EDS spectra of 
drop coated film of Au and Ag NPs are shown in Fig: 4.7 C – 16 C. The presence of an optical 
absorption band at 3 eV reveals the presence of pure metallic Au and Ag NPs. The spectrum 
for AuNPs shows mainly Au and only minor amount of other elements like Cu. These copper 
peaks are of TEM grids that are used for sample preparation. In a similar way, the spectra for 
AgNPs showed mainly Ag and only minor amount of Cu and Si, where Cu peaks were from 










Fig. 4.7: (A, B and C)  TEM micrographs of crude mediated AuNPs and their respective EDX 
spectra of biosynthesized AuNPs indicating the presence of Au in the nanoparticles 





















Fig. 4.8: (A, B and C) TEM micrographs of crude mediated AgNPs and their respective EDX 
spectra of biosynthesized AgNPs indicating the presence of Ag in the nanoparticles synthesized 

















Fig. 4.9: (A, B and C)  TEM micrographs of 100 kDa mediated AuNPs and their respective 
EDX spectra of biosynthesized AuNPs indicating the presence of Au in the nanoparticles 
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Fig 4.10: (A, B and C) TEM micrographs of 100 kDa mediated AgNPs and their respective 
EDX spectra of biosynthesized AgNPs indicating the presence of Ag in the nanoparticles 
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Fig 4.11: (A, B and C)  TEM micrographs of 50 kDa mediated AuNPs and their respective 
EDX spectra of biosynthesized AuNPs indicating the presence of Au in the nanoparticles 
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Fig 4.12: (A, B and C) TEM micrographs of 50 kDa mediated AgNPs and their respective EDX 
spectra of biosynthesized AgNPs indicating the presence of Ag in the nanoparticles synthesized 
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Fig 4.13: (A, B and C)  TEM micrographs of 30 kDa mediated AuNPs and their respective 
EDX spectra of biosynthesized AuNPs indicating the presence of Au in the nanoparticles 
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Fig 4.14: (A, B and C) TEM micrographs of 30 kDa mediated AgNPs and their respective EDX 
spectra of biosynthesized AgNPs indicating the presence of Ag in the nanoparticles synthesized 





















Fig 4.15: (A, B and C)  TEM micrographs of 10 kDa mediated AuNPs and their respective 
EDX spectra of biosynthesized AuNPs indicating the presence of Au in the nanoparticles 
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Fig 4.16: (A, B and C) TEM micrographs of 10 kDa mediated AgNPs and their respective EDX 
spectra of biosynthesized AgNPs indicating the presence of Ag in the nanoparticles synthesized 
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The P.lilacinum separated 100 kDa fraction showed a controlled synthesis of AuNPs  with a 
size range of 25-50 nm and uniform spherical shape, while that of AgNPs was around 35-50 
nm but no shape control was obtained. Zeta potential of nanoparticles were -21.2 for AuNPs 
and -16.4 for AgNPs. Higher concentration of proteins present in the fractions from 
oxidoreductases and reducing enzyme family were found in 100 kDa fraction. A range of 
reducing enzymes and proteins from the oxidoreductases family, dehydrogenase family, 
oxygenase family, phosphatases family, ATPase enzymes and others enzymes like chitinase, 
lipases, spastin were present and  these proteins were responsible in controlling shape and size 
is speculated. Previous literature shows that the controlled synthesis of AgNPs increases with 
the increase in protein concentration, further implicating these proteins in nanoparticle 
formation and stabilisation [288]. The presence of more nucleation sites favours restricted 
growth of NPs [288, 289] (section (3.3.2)).  
3.3.4 Characterization of Au and Ag NPs by FTIR 
The enzymes/proteins involved in extracellular synthesis of Au and Ag NPs were examined 
using FTIR spectroscopy. The spectrum of the unreacted cell filtrate showed intense and 
distinct stretching vibration bands at 1650 and 1542 cm−1, which correspond to the amide I and 
II bands of proteins (Fig. 4.11 A). The peak at 1374 cm-1 was assigned to the COO- symmetric 
stretch of protein [290]. The absorption bands in the region of 1155-1038 cm-1 correspond to 
P-OH stretching vibrations, which indicated the presence of phosphorylated proteins. After the 
extracellular synthesis of Au and Ag NPs, the amide I and II bands were shifted to 1654 and 
1541 cm-1, respectively, (Fig. 4.11 B). Das et al (2012) also reported the shifting of amide I and 
II bands during the biosynthesis of AuNPs using the Rhizopus oryzae protein extract. In 
addition, the absorption band corresponding to the carboxyl was at 1366 cm-1  and phosphate 
groups shifted towards at  1155 - 1038 cm-1  region on completion of the Au and Ag NPs 
extracellular synthesis. The FTIR data indicates that phosphorylated proteins are the main 
capping agents responsible for the stability of extracellularly synthesized Au and Ag NPs  [291] 




Fig. 4.17: (A) FTIR spectrum for P.lilacinum cell filtrate (B) FTIR spectrum showing possible 
interaction between Au and Ag NPs and biological macromolecules of P.lilacinum. 
3.4 Identification of the proteins responsible for controlled Au and Ag NPs synthesis 
3.4.1. SDS Gel Protein Separation 
The 100 kDa fractions resulted in the most consistent size and shape of synthesized Au and Ag 
NPs. Particles synthesized by 100 kDa fractions were centrifuged at 14000 rpm for 15 min. The 
settled Au and Ag NPs, were treated with SDS and boiled at 950C for 1 min to separate bound 
protein and then directly loaded onto the gel. Both NP bound protein and the supernatant 
obtained were run parallel in 1D SDS gel. Before LC-MS protein characterization, again a 1D 
SDS gel was run using the 100 kDa fraction, where 10 µl of sample was loaded along with the 
































Fig. 4.18: 100 kDa fraction run on SDS gel before LC-MS 
 
3.4.2. LC-MS Protein Characterization 
A total of 41 proteins from reductases, oxidoreductases, ATPase family and proteins involved 
in lipid metabolism were shown to be present in the 100 kDa fraction, after LC-MS, on the 
basis of PLGS score and blast query coverage.  After doing protein blast analysis only 29 
proteins among these showed significance similarity to P.lilacinum proteins having 100-75% 
query match (Table 4.1). Another 11 proteins from the same families gave a match of between 




Table 4.1: Proteins associated with Au and Ag NPs synthesis, with higher query coverage score 




PLGS score Protein sequence 











































































































































































































































































23.  UDP-glucose,sterol 
transferase 





24. Trichodiene oxygenase  
 
119.243 92% 70.6703 LHNAAAKSVHYHPSGREAPGSPAHNPTLRPYLHSFAAPSTFPLLHDDAGDGLRIYGLVA
MDVFLSFTRNPQEFAPERWLGDENR 




















86% 19.657 DILNATACDAMREIFPECWRGNPKKAESDPALEIRSPSPFKAGQHTSKVEDDRYYMR 






















Table 4.2: Proteins associated with Au and Ag NPs synthesis, with lower query coverage score 
Sl. 
No 


















































6. Glyoxal oxidase precursor 
protein. 




7.  SNF2 family 
helicase/ATPase. 
191.116 17% 9.5963 SSAEGQHKEQEIDGNTLLTFEFVCSRASSQHLDRDTVETTLRFAARLQEEQRREIEAEEA
EAAAAKTGSVIDLTTPAKPRHNPSFWSKATIQSLRREMNAYPDKDAVGLSMKLPTSVVT
ATLKWNPVQEQQAIGRQGCLLAHTMGLGKTMQVITFLVAVQEAAR 
8. ATP-dependent DNA 
helicase PIF1. 





9. Carboxypeptidase Y 107.435 
 
8% 6.0768 DILNATACDAMREIFPECWRGNPKKAESDPALEIRSPSPFKAGQHTSKVEDDRYYMR 














Reductase enzymes are likely acting as the main reduction centre for the metal salts, while 
oxidases are probably helpful in particle stabilization. Enzymes present in this fraction related 
to the lipid metabolism, amino-sugar metabolism like Chitin synthase, UDP-glucose-sterol 
transferase, Sterol o-acyltransferase proteins also have ATPase activity [292-294]. Our 
experimental outcome of histone association with biosynthesized Au and Ag NPs indicates the 
role of P.lilacinum histone (H4) in the Au and Ag NPs synthesis and capping. The histone (H4) 
is already reported in previous articles for the reduction of silver ammonia complex into ~20 
nm SNPs and binds SNPs with lysine rich AKRHRK domain [295-297].  
4. Conclusion  
On the basis of this study, we conclude that Purpureocillium lilacinum, is a potential organism 
useful for obtaining partial controlled biosynthesis of Au and Ag NPs. Proteins present in the 
ECF of P.lilacinum were found to synthesize Au and Ag NPs with a wide range of size and 
poly dispersity index when observed via DLS. TEM micrograph of the Au and Ag NPs 
synthesized by using the crude protein showed a variety of particles shapes including triangular, 
hexagonal, spherical and polygonal, whereas after fractionation of crude ECF protein by using 
Amicon filters on the basis of molecular weight, the 100 kDa proteinaceous fraction from ECF 
of P.lilacinum was found to be primarily responsible for controlling the synthesis of Au and Ag 
NPs, compared to the other fractions of 50 kDa, 30 kDa, 10 kDa and 3kDa. This 100 kDa 
fraction showed a controlled synthesis of AuNPs in terms of both size and shape and controlled 
AgNPs synthesis in terms of size only.  AuNPs synthesized by crude protein from ECF were in 
the range of 60-90 nm and AgNPs were in the range of 30-50 nm, with zeta potential -25.2.6 
and -18.2, respectively. The sizes of nanoparticles synthesized by the 100 kDa fraction were 
25-50 nm for AuNPs and 35-50 nm for AgNPs. Zeta potential of nanoparticles were -21.2 for 
AuNPs and -16.4 for AgNPs. For the 50 kDa fractions, synthesized AuNPs were in the range 
of 100-125 nm and AgNPs were in the range of 130-145 nm, with zeta potential -12.2 and -
8.84, respectively. For 30 kDa fractions synthesized AuNPs were in the range of 90-100 nm 
and AgNPs were in the range of 130-170 nm, with zeta potential -10.6 and -3.71, respectively. 
The 100 kDa protein fraction was found to produce the most stable Au and Ag NPs, on the 
basis of zeta potential. Higher amounts of proteins from the oxidoreductases family, proteins 
from the electron transport system and proteins from lipid metabolism with ATPase activity 
were the most abundant in the 100 kDa fractions.  The presence of a high number of reducing 
centres together in a single fraction may be the cause of the high level of controlled synthesis 
in the 100 kDa fraction, compared to that of other fractions. FTIR studies of Au and Ag NPs 
formed by P.lilacinum confirmed the presence of proteins as a capping agent, which prevent 




synthesis of Au and Ag NPs using a 100 kDa protein fraction of P. lilacinum. This method can 














Secondary metabolite mediated controlled synthesis of 














1. Introduction  
Research on green synthesis of nanoparticles has open up new approaches for Au and Ag NPs 
synthesis. Among these is the use of secondary metabolites as reducing and capping agents for 
the synthesis of Au and Ag NPs synthesis. Both plants and microbial metabolites are being 
exploited for the synthesis of these nanoparticles. Mixed phytochemicals from Aegle marmelos 
leaf and Syzygium aromaticum bud extracts where used to synthesis Ag–Au–Pd trimetallic 
having antimicrobial properties [298]. Mentha piperita leaf extract was reported as a potent 
bioreducing agent for both Au and Ag NPs synthesis [299].To enhance the antibiotic property 
of green synthesized nanoparticles researcher’s attempted to synthesize antibiotic mediated 
AuNPs. Antibiotics from the  β-lactam family, like amoxicillin, were found to be acting as 
reducing and stabilising agent for AuNPs [300]. Another antibiotic from the  β-lactam family, 
Cephalexin AuNPs, was reported to synthesize robust and stable AuNPs, with a coating over 
the synthesized particles [301].Organic acids like olecic acid, phenyl ether with alcohol and 
oleylamine for controlled synthesis of magenitite nanoparticles were also reported, which 
indicates that organic acids also plays a major role in nanoparticles synthesis  [302].  
Approaches involving pure metabolite mediated Au and Ag NPs uses commercially available 
or isolated pure secondary metabolites for the synthesis [298-302]. Purification of secondary 
metabolite to get a pure isolated metabolites is an expensive process and will increase the cost 
for bulk production of controlled MNPs synthesis. To develop a cost effective strategy in terms 
of controlled synthesis for Au and Ag NPs, a combination of different secondary metabolites 
already present in the cell filtrate having reduction property can play an effective role. The 
overall aim of this study was to investigate such combinations of secondary metabolites with 
controlled synthesis efficiency and determine their effectiveness and efficiency for Au and Ag 
NP formation. 
An aim of this study was to control the size and shape of Au and Ag NPs by mixtures of different 
secondary metabolites. Potent fungal extracellular secondary metabolite mixtures with high and 
controlled levels of extracellular synthesis of metal nanoparticles (MNPs) were studied. The 
difference between the synthesized Au and Ag NPs by the crude ECF and separated secondary 
metabolites mixture on the basis of size and morphology was studied. UV spectroscopy, TEM, 
DLS, FTIR and EDX analysis were used to confirm the synthesis of NPs, morphology of NPs, 
nature of NPs synthesized and identify the secondary metabolite responsible in synthesis of Au 
and Ag NPs. Identification of the major secondary metabolites present for controlled synthesis 
of Au and Ag NPs was done by HPLC, TLC, LC-MS and NMR, but because of the absence of 




2. Method and materials 
2.1. Chemicals used 
All chemicals used in this study were purchased from Fischer Scientific (Mumbai, India) and 
were of analytical grade. All HPLC, TLC, HP Dion 20 chemicals were from Sigma Aldrich 
India. Potato dextrose agar were procured from HiMedia (Mumbai, India) and were sterilized 
by autoclaving at 1200C for 15min at 15psi before use. 
2.2. Preparation of biomass free cell filtrate  
P.lilacinum maintained on PDA plates and MMN plates at 280C with regular sub-culturing on 
fresh media plates. The stock culture (7-10 days old) was inoculated in 100 ml of PDB and 
MMN (media composition, pH 5.6) depending upon media requirement for the culture in 250 
ml Erlenmeyer flasks for biomass production. Flasks were incubated at 280 C for 7-10 days on 
a rotary shaker (140 rpm) depending upon culture requirement. Fungal mycelium were 
separated from the culture medium by centrifugation (12000 rpm, 10 min, and 40C) and washed 
thrice with deionised Milli Q water. Obtained fresh biomass (fresh weight) was resuspended in 
100 ml of sterile deionised Milli Q water and further incubated for 48 hrs in 250 ml Erlenmeyer 
flasks and incubated under same shaking conditions as mentioned earlier. After incubation, 
biomass was separated by filtration using 300 micron sieve and the cell-free filtrate (ECF) was 
obtained. 
2.3 Separation of metabolites from ECF 
Obtained extracellular cell filtrate (ECF) was used to pass from HP Dion 20 for separation of 
secondary metabolites. Briefly, approximately 1/3rd volume of ECF, HP Dion was used, i.e 30 
ml for 1 ltr of ECF was taken. This was washed vigorously with methanol and kept in methanol 
overnight for activation. The next day the sample was loaded into a glass column with a stop 
cork and again flushed with absolute methanol for 2-3 times. After activation of the packing 
material, it was washed with distilled water 2-3 times by flushing. Then the sample was passed 
through the ECF from the column 2-3 times for complete binding of the metabolites with the 
packing material. After passing the ECF, the column was again washed with water to remove 
any sugar moieties from the culture media. Finally the column was flushed with 100% methanol 
and material collected in a round bottom flask for further concentration using a rotary 
evaporator (Buchi). Lyophilize the concentrate was lyophilized and kept as a powder at -200C 




2.4. TLC separation of secondary metabolites 
Separated, dried powder of the secondary metabolite mixture was dissolved in methanol at 1000 
ppm and was applied on silica TLC plate using a thin glass capillary. Different combinations 
of solvent were tested to develop and optimum separation of the bands. Then the TLC was 
developed in an iodine chamber for 5 mins to visualize the bands. 
2.5 HPLC and LC-MS Profiling for secondary metabolites 
HPLC metabolite profiling was done using an HPLC system (Shimadzu, Kyoto, Japan) 
equipped with a (controller CBM - 20A, quaternary pump LC- 20AT, solvent degasser system 
DEU- 20 A5, auto sampler SIL- 20A, diode array detector SPDM- 20A with a inbuilt software  
from Shimadzu, LC solution. Separations were performed with C-18 Phenomenex reverse 
phase 250 mm column, 5 μm spherical particles and 10 μl injects at 30 minute intervals was: 
flow rate 0.5 ml/min. A gradient of solvent A (HPLC grade water with 0.05% (v/v) H3PO4) 
and B (C2H3N with 0.05% (v/v) H3PO4) was used to elute compounds from the column. The 
flow rate was 0.5 mL/min, and the eluent was monitored at 280 nm.  For LC-MS same protocol 
was followed and LC-MS analysis was performed on a Waters micromass Q-TOF micro LC-
MS system (Sophisticated Analytical Instrumentation Facility (SAIF), Panjab University) using 
same method as HPLC.   
2.6 NMR profiling for secondary metabolites 
2.7 Secondary metabolites mediated Au and Ag NPs synthesis 
2.7.1. Characterization of Au and Ag NPs by UV- Vis spectrophotometer  
Detection of Au and Ag NPs was primarily carried out by visual observation of color change 
of the fungal filtrate after treatment with gold chloride and silver nitrate. Appearance of purple 
and dark brown colors in the fungal cell filtrate indicated the formation of Au and Ag NPs, 
respectively. Furthermore, Au and Ag NPs were characterized with the help of a dual beam 
UV-Visible spectrophotometer (UV 2450, Shimadzu, Japan) by scanning the absorbance 
spectra in the 200–800 nm wavelength range [223, 236].  
2.7.2 Characterization of Au and Ag NPs by DLS 
The size distribution and zeta potential of Au and Ag NPs was analysed by dynamic light 
scattering (DLS), with measurements conducted with a Malvern Zetasizer Nanoseries compact 
scattering spectrometer (Malvern Instruments Ltd, Malvern, UK). Data obtained were analysed 




2.7.3 Characterization of Au and Ag NPs by Transmission Electron Microscopy 
To determine the morphology of Au and Ag NPs synthesized under optimized conditions, 
transmission electron microscopic analysis was performed. Briefly, for TEM measurements, a 
drop of solution containing synthesized Au and Ag NPs was placed on the carbon coated copper 
grids and kept in infrared light until the sample was dry and then it was loade onto a specimen 
holder. TEM micrographs were taken by analysing the prepared grids on FEI, Technai 20 G2, 
and 200 KV super twin’s TEM instrument operating at 200 kV (0.23 nm resolution). 
2.7.4 Elemental analysis of Au and Ag NPs 
For energy dispersive spectroscopy (EDS), samples were prepared on a copper substrate by 
drop coating of Au and Ag NPs. Elemental analysis on single particles was carried out using 
Thermo Noran EDS attachment equipped with TEM. 
2.7.5 Characterization of Au and Ag NPs by FTIR 
FTIR analysis of the dried Au and Ag NPs powder was carried out by scanning the spectrum 
in the range 400–4,000 cm−1 at a resolution of 4 cm−1 (PerkinElmer 1600 instrument, USA). To 
prepare dried powder of Au and Ag NPs and to remove other biomolecules present in broth, 
the fungal treated Milli Q dissolved sample was centrifuged at 15000 rpm for 45 minutes. 
Supernatants were discarded, and pellets of Au and Ag NPs were washed three times with 
autoclaved Milli Q water. The dried powder of Au and Ag NPs were subjected to KBR pellet 
formation for FTIR analysis (Nicolet-6700, Thermo-fisher, USA). 
3. Results and discussions 
3.1 TLC separation of secondary metabolites 
A range of solvent systems were tested and optimized to get the maximum band separation on 
TLC. DCM: Methanol (9:1) gave the best separation where 7 bands were obtained from the 
crude secondary metabolite mixture obtained from Purpureocillium lilacinum. To confirm 
the role of the individual bands, metabolites were run on TLC plates and then two 
agar plates were diffused using Au and Ag salts and TLC plate was inverted and pasted 
over it. At the interface junction between the metal salts and the separated secondary 
metabolite bands, color change was observed. This color was dark purple for AuNPs 
and dark brown for AgNPs. This particular color change confirmed the involvement 












Fig. 5.2: Autography plating for checking Au and Ag NPs synthesis checking by secondary 





3.2 HPLC, LC-MS and NMR based, separation and identification 
HPLC profiling of the crude extract was difficult to interpret because individual compounds 
weren’t identified. However, HPLC showed major 7 peaks, which corresponded to the TLC 
results showing the presence of major 7 major bands from the crude secondary metabolites. 
Antibiotics from P.lilacinum like leucinostatins may be present in the extract but would 
require comparison with a known standard [303]. Antibiotic testing of 1000 ppm 
concentration of crude metabolite against E.coli showed strong inhibition after 24 hrs 
of incubation as compared to the different concentration of commercial streptomycin 
(Fig: 5.4). On the basis of these results we can determine the presence of antibiotic 
like compounds in the extract. 
LC-MS spectra of the extract was done but results were unclear. LC-MS showed a split peak 
consistent with the antibotic leucinostatins but this was not confirmed. NMR spectroscopy 
indicated that the major compound class was sugars, which were probably from the 
fermentation media (peaks in the 2 to 4 ppm range). The spectral data was also consistent with 
the presence of fatty acids (methyl peaks at 0.5 to 1.5 ppm) and aromatic amino acids [304]. 
 
 
Fig. 5.3: HPLC chromatogram for the P.lilacinum crude secondary metabolites mixture 
dissolved in acetonitrile at 100 ppm concentration  
 




































































































































































































































































































































Fig. 5.5: LC-MS chromatogram for the P.lilacinum crude secondary metabolites mixture 
dissolved in acetonitrile at 100 ppm concentration 
 
Time









































































































Fig. 5.6: NMR chromatogram for the P.lilacinum crude secondary metabolites mixture dissolved 
in acetonitrile at 100 ppm concentration 
 
 
3.3 Characterization of Au and Ag NPs synthesized secondary metabolites 
3.3.1 UV- Vis Spectrophotometer 
The UV-visible spectra were recorded over time and showed increased intensity with 
progressing time of incubation, for absorbance at 540-560 nm for Au NPs and 410-430 nm for 
Ag NPs. The following figures illustrate the absorbance spectra of reaction mixtures containing 
aqueous solution of 1mM Auro Chloric acid and 1mM silver nitrate. It was observed that crude 
secondary metabolite mediated Au and Ag NPs showed no peak at 280 nm. Less intensity at 
280 indication low protein levels in the crude secondary metabolite fractions. These results 
were supported by DLS results (Fig: 5.5 A and B). 
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Fig. 5.7: UV – Vis scan of P.lilacinum cell filtrate obtained different protein fractions for 
kinetics study of AuNPs (A) and AgNPs (B) with respect to time. 
 





























































3.3.2 Characterization of Au and Ag NPs by DLS  
Zeta particle size analysis of Au and Ag NPs was carried out to determine the particle size 
distribution of the synthesized particles by using different protein fractions. Dynamic light 
scattering measures the scattering intensity based on Rayleigh scattering. Scattered light was 
collected at an angle of 90o by a photon counting photomultiplier tube, which was then directed 
to a correlator to derive particle size from the correlator function. Results are expressed as the 
Z-average mean, which is the harmonic intensity averaged particle diameter. The results are 
given in average mean diameters with an additional polydispersity index, which gives further 
information about the homogeneity of nanoparticles synthesis. Particle size distributions of Au 
and Ag NPs by each fractions are depicted in Fig 5.6 (I to V) A and B, respectively. AuNPs 
particles were synthesized in the range of 60-90 nm and AgNPs were in the range of 30-50 nm, 
with zeta potential -25.2.6 and -18.2, respectively. Sizes of nanoparticles were found to be in a 
narrow range, for both Au and Ag NPs. Average particle size of AuNPs was found to be 5-15 
nm, while that of AgNPs was around 2-10 nm. Zeta potential of nanoparticles were -22.2 for 
AuNPs and -17.4 for AgNPs. Zeta potential results indicate that the biosynthesized Au and Ag 
NPs have a covering of negatively charged biomolecules. This negative charge on the 
nanoparticles is consistent with existing reports where biosynthesized nanoparticles were 
reported to have negative charge. It was also reported that the more negative the zeta potential 






















Fig. 5.9 (II): (A) Zeta particles size for AuNPs by secondary metabolites (B) Zeta particles size 
for AgNPs by secondary metabolites 
 
3.3.3 Characterization of Au and Ag NPs by Transmission Electron Microscopy 
The morphology of Au and Ag NPs was examined using TEM. TEM analysis of AuNPs crude 
from ECF mediated synthesis, showed mixed populations of nanoparticles with nanoparticles 
of varied shapes and sizes, like spherical, hexagonal, triangular, truncated triangular and rods 
(Fig: 5.7 A and B). TEM micrograph analysis of AgNPs synthesized by using crude ECF, 
showed mostly oval shaped and spherical shaped nanoparticles (Fig: 5.8 A and B). TEM 
analysis of secondary metabolites mediated AuNPs from ECF, showed uniformly dispersed 
spherical particles (Fig: 5.9 A and B). TEM micrograph analysis of AgNPs synthesized by 
using secondary metabolites separated from ECF, showed mostly oval shaped and spherical 
shaped AgNPs (Fig: 5.10 A and B). EDS spectra of drop coated film of Au and Ag NPs are 
shown in Fig: 5.7 C – 5.10 C.The presence of an optical absorption band at 3 eV revealed the 
presence of pure metallic Au and Ag NPs. The spectrum for AuNPs shows mainly Au and only 
minor amount of other elements like Cu, Cl, K, Si, Na and Mg where Cu peaks were from grids 
and other peaks were because of the concentrated secondary metabolites extracted from cell 
filtrate. In a similar way, the spectra for AgNPs showed mainly Ag and only minor amount of 









Fig. 5.10 (A, B and C)  TEM micrographs of crude mediated AuNPs and their respective EDX 
spectra of biosynthesized AuNPs indicating the presence of Au in the nanoparticles 
























Fig. 5.11: (A, B and C) TEM micrographs of crude mediated AgNPs and their respective EDX 
spectra of biosynthesized AuNPs indicating the presence of Au in the nanoparticles 























Fig. 5.12: (A, B and C)  TEM micrographs of secondary metabolite mediated AuNPs and their 
respective EDX spectra of biosynthesized AuNPs indicating the presence of Au in the 




























Fig. 5.13: (A, B and C)  TEM micrographs of secondary metabolite mediated AgNPs and their 
respective EDX spectra of biosynthesized AgNPs indicating the presence of Ag in the 
















Fig. 5.14: (A) FTIR spectrum for fungal cell filtrate (B) FTIR spectrum showing possible 
interaction between Au and Ag NPs and biological macromolecules of fungal cell filtrate.  
 
4. Conclusions  
On the basis of this study, we conclude that P.lilacinum is a potential organism useful for 
obtaining partial controlled biosynthesis of Au and Ag NPs by using its extracellular secondary 
metabolites. TEM micrograph of the Au and Ag NPs synthesized by using the crude ECF 
showed a variety of particles shapes including triangular, hexagonal, spherical and polygonal. 
Separation of secondary metabolites from the extracellular proteins using HP Diaion 20 
fractionation, from the ECF of P.lilacinum showed that secondary metabolites, were capable of 
controlling the synthesis of Au and Ag NPs. The UV spectrum over time of secondary 
metabolite mediated Au and Ag NPs formation showed the absence of a peak at 280 nm (protein 
peak), supporting that only secondary metabolite were involved in the controlled Au and Ag 
NPs synthesis. This crude secondary metabolite fraction showed a controlled synthesis of 
AuNPs in terms of both size and shape and controlled AgNPs synthesis in terms of size only. 
Synthesized AuNPs were in the range of 60-90 nm and AgNPs were in the range of 30-50 nm, 
with zeta potential -25.2.6 and -18.2, respectively. Sizes of nanoparticles were in a narrow 
range, for both Au and Ag NPs by secondary metabolites. Average particle size of AuNPs was 
5-15 nm, while that of AgNPs was around 2-10 nm. Zeta potential of nanoparticles were -22.2 
for AuNPs and -17.4 for AgNPs. Preliminary spectroscopic and chromatographic analysis 




and proteins. Although it appears that small molecule secondary metabolites are responsible for 
the synthesis of Au and Ag NPs, no specific compounds were identified. 
Here we have developed a strategy for the controlled green synthesis of Au and Ag NPs using 
secondary metabolites in the non-protein fraction of P.lilacinum. This method can potentially 
be scaled up to synthesize controlled, stable and eco-friendly Au and Ag NPs. Further work is 






















Widespread applications of Gold (Au) and Silver (Ag) nanoparticles in many different fields 
like energy, textile, medicines, food industries, agriculture etc, has increased the demand for 
the production of these valuable nanoparticles. Existing physical and chemical synthesis 
methods have their own advantages and disadvantages. Biological sources are being explored 
for the reduction of different metal ions into their corresponding nanoforms, since these 
biosynthetic systems offer an environmentally friendly natural synthesis. However, these 
biosynthesis cannot currently be controlled in terms of desired size and shape of nanoparticles. 
Our major objective was in the research described in this thesis was “to discover and develop a 
greener controlled method for Au and Ag NP biosynthesis by screening fungal strains for an 
efficient producer and investigation the metabolites involved in the biosynthesis.” Au and Ag 
NPs were selected as the nanoparticles since these are the two most widespread nanoparticles 
used commercially. 
Chapter 2 describes the selection of potent fungal stains for rapid and bulk production of NPs, 
where selection criteria were the amount of produced biomass, extracellular total reduction 
potential and the extracellular synthesis ability for both Au and Ag NPs. Effects of pH and salt 
concentration on the fungal cell filtrate for NPs synthesis were also investigated using UV 
spectrometry studies. The test fungi (340 strains) were obtained from CMCC, TERI, New 
Delhi, India and maintained on potato dextrose agar and modified melin’s norkan media, and 
incubated at 280C ± 2 for 7-10 days. Individual fungal colonies were picked and checked for 
further purity by subculturing on potato dextrose agar medium and MMN media. 
These fungal strains were then screened for their extracellular reduction potential and 
extracellular Au and Ag NPs biosynthesis efficacy. After screening a P.lilacinum was slected 
for further study since it exhibited the highest synthesis efficiency of all fungi tested. An 
effective method for the selection of fungal strains with capacity to synthesize both Au and Ag 
NPs was developed using UV-VIS spectroscopy. The results described in this study will be 
useful for screening for new active microorganism with high reduction potential. These high 
reducing strains can be used for extracellular synthesis of different type of nanoparticles. 
In Chapter 3, the main aim was characterization of the selected fungal strain by applying a 
range of different microscopic techniques including phase contrast and SEM. The protocol for 
enhanced biosynthesis of Au and Ag NPs using P.lilacinum fungal cell-free extract 
(extracellular proteins and secondary metabollites) was optimized. Based on the growth kinetics 
study using and ergosterol assay, the 7-9 days old culture was taken for the further process. 
Maximum biosynthesis was observed near neutral pH for the cell-free extract. The 
biosynthesized Au and Ag NPs were characterized using FTIR and Zeta analysis (confirmed 
the protein and biomolecule capping which acted as stabilizing agents). TEM and EDX 
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confirmed the extracellular synthesis of Au and Ag NPs by P. lilacinum. The cell filtrate of this 
strain gave a conversion rate of 85.29 % and 52.09 % for the gold and silver ions into their 
respective nanoparticles. The P.lilacinum mediated Au and Ag NPs resulted in the formation 
of 25-50 nm Au NPs and 40-60 nm Ag NPs. Thus, a novel biomethodology was developed 
using P.lilacinum cell-free extract for subsequently nanoconversion of the metallic ions into 
nanostructured form. These promising strains could be further exploited for the production of 
other metal nanoparticles.  
Chapter 4 describes studies of the biomolecular mechanism of the extracellular Au and Ag NPs 
synthesis, involving the extracellular proteins. Protein was concentrated by using different 
precipitation techniques, to confirm the presence of proteins in the cell-free extract. Here, the 
first target was to separate the crude extracellular proteins into different fractions on the basis 
of their molecular weights. This was achieved by passing the crude proteins through different 
amicons molecular weight filters and checking each fraction for the Au and Ag NPs synthesis. 
AuNPs synthesized by the initial extracts were in the range of 60-90 nm and AgNPs were in 
the range of 30-50 nm, with zeta potential -25.2.6 and -18.2, respectively, with higher 
polydispersity index indicating synthesis of mixed population of NPs. The most potent protein 
fraction involved in nanoparticle synthesis was the high molecular weight 100 kDa fraction. 
The sizes of nanoparticles synthesized by the 100 kDa fraction were 25-50 nm for AuNPs and 
35-50 nm for AgNPs. Zeta potential of these nanoparticles were -21.2 for AuNPs and -16.4 for 
AgNPs, as measured by zeta analzer. TEM analysis of the particles showed uniform, spherical 
particles as compaired to the particles synthesiszed by crude proteins for both Au and Ag NPs. 
Protein identification studies for the 100 kDa fractions, showed that most of the proteins were 
from the oxidoreductases family, which are proteins involved in lipid metabolism and proteins 
from electron shuttle systems. Using the 100 kDa extracellular proteins of P.lilacinum enable 
some control of NP formation in that more uniform size and shape particles were produced 
compared with the crude protein material. 
Chapter 5 describes research into the role of extracellular secondary metabolites in Au and Ag 
NPs synthesis. Extracellular secondary metabolites were separated from the cell free extract by 
using HP Diaon 20 extraction. Concentrated, dried metabolites were seperated on TLC plates 
and 7 distinct bands were obtained in DCM : methanol (9:1). AuNPs synthesized from the crude 
metabolite mixture were in the range of 60-90 nm and AgNPs were in the range of 30-50 nm, 
with zeta potential -25.2.6 and -18.2, respectively. Sizes of nanoparticles were found to be in a 
narrow range, for both Au and Ag NPs produced from the secondary metabolite mixture. 
Average particle size of AuNPs was 5-15 nm, while that of AgNPs was 2-10 nm. Zeta potential 
of nanoparticles were -22.2 for AuNPs and -17.4 for AgNPs. Zeta potential results indicate that 
the biosynthesized Au and Ag NPs have a covering of negatively charged biomolecules. NMR 
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analysis of the crude metabolite suggest the presence of higher amount of organic acids and 
sugar moieties. Further identification of the metabolites involved in controlling the NP 
formation could be carried out using LC-MS in conjunction with NMR to identify specific 
chemical structures.  
This is the first report of the biosynthesis of Au and Ag NPs using P.lilacinum extracellular 
proteins and secondary metabolites. Both the proteinaeous and non proteinaeous extracellular 
fractions of P.lilacinum were capable of producing Au and Ag NPs synthesis. Some control 
over particle syntheis was obtained by using specific molecule weight protein fractoins that 
provided a narrower range of particle size and shape.The synthesis of Au and Ag NPs using a 
cell free extract of P.lilacinum appears to be a potentially simple and cost effective method for 
NP production, although further control of the process is required. Future work targeted at 
identifying specific molecular structures involved in NP formation, and the use of simiplified 
metabolite mixtures will likely provide further control over particle size and shape toward 
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